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ABSTRACT 


The  effect  of  various  environmental  conditions  on  the  production  of 
streptococcal  pyrogenic  exotoxins  (SPEs)  was  examined.  The  standard  kinetics  of 
SPE  production  in  the  strains  T253  cured  T12,  86-858,  T18P,  and  NY-5  were 
established  in  order  to  determine  the  changes  attributed  to  the  experimental 
manipulations.  SPE  A  was  initially  dctectea  in  mid  log  phase  and  production 

ceased  as  the  culture  entered  stationary  phase.  SPE  B  was  initially  detected  in  late 

log  phase  and  production  continued  into  stationary  phase.  In  experimentally 
manipulated  environments  (1%  bacto-tryptone,  high  concentrations  of  glucose, 
and  aerated  conditions),  the  rate  of  SPE  A  production  was  apparently  reduced,  yet 
the  final  concentration  achieved  was  unchanged.  No  effect  upon  SPE  A  production 
was  observed  in  conditions  of  selected  temperatures  (25°  C,  37°  C,  and  40°  C),  7% 

carbon  dioxide,  and  various  pH  ranges  (pH  5.5  to  6.5,  pH  6.8  to  7.2,  and  pH  7.6 

to  8.5)  .  Except  for  the  decrease  in  rate,  SPE  A  production  was  generally  not 
effected  by  any  environmental  manipulations.  SPE  B  production  was  increased  in 
1%  bacto-tryptone,  and  7%  carbon  dioxide,  while  decreased  in  high  glucose 
concentrations  and  aerated  conditions.  No  effect  on  SPE  B  was  observed  at 
selected  temperatures.  Proteinase  activity  was  examined  in  all  strains.  Three 
distinguishable  types  of  proteolytic  activity  were  observed,  two  of  which  appeared 
to  be  distinct  from  SPE  B.  The  appearance  of  a  clear  zone  of  surrounded  by  an 
opaque  ring  (generally  accepted  as  a  positive  result)  was  evident  in  fractions  from 
both  86-858  and  T18P  after  preparative  isoelectric  focusing  (lEF).  713  cloned  SPE 
B  was  also  found  to  possess  some  proteinase  activity.  Partial  separation  of  SPE  B 
and  proteinase  activity  occurred  after  preparative  isoelectric  focusing.  Strongly 
reactive  lEF  fractions  were  subjected  to  high  pressure  liquid  chromotography 
(HPLC)  resulting  in  a  pattern  of  weak  elution  peaks  which  corresponded  to  SPE  B 
reactivity  and  a  pattern  of  strong  elution  peaks  that  correlated  with  SPE  B  and/or 
proteinase  activity  in  both  strains.  The  identity  of  SPE  B  and  streptococcal 
proteinase  precursor  (SPP),  which  is  reportedly  the  source  of  proteolytic  activity, 
could  not  be  firmly  confirmed  or  negated  without  further  investigation. 
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INTRODUCTION 


Siftpiocaccus  pyogtKtt,  often  referred  to  group  A  itreptococcut,  are 
gram-potitive,  non-moiile,  chain  forming  bacteria.  5.  pyogtnts  can  be  quickly 
Identified  Irom  other  gram-potitivc  bacteria  became  they  are  catalaae  negative, 
beta-hemolytic,  and  bacitracin  aenaitive.  The  primary  aource  of  energy  for  5. 
pyogtHta  ia  the  fermentation  of  tugara  rcauiting  in  the  production  of  lactic  acid. 
In  media  containing  a  high  concentration  of  glucose,  the  accumulation  of  lactic 

acid  and  the  consequential  drop  in  pH  will  limit  growth  (76).  Although  most 

strains  of  S.  pyogenes  produce  a  capsule  composed  of  hyaluronic  acid,  they  are 

typically  distinguished  by  their  type-specific  cell  wall  M-antigen  (65).  Over  55 
immunologic  types  of  M-antigen  have  been  identified  (65).  5.  pyogenes  produce 

a  number  of  esiracellular  products  that  include  streptolysins  (O  and  S). 
streptokinases  (A  and  B),  hyaluronidase,  and  streptococcal  pyrogenic  exotoxins 
(A,  B,  and  C)  (109).  The  streptococcal  pyrogenic  exoroxins  (SPEs)  belong  to  a 
group  of  bacterial  proteins  called  pyrogenic  toxins  (PTs)  which  share  common 

biological  properties.  Other  PTs  include  staphylococcal  emerotoxins  (A,  B.  Cl.  C2, 
C3,  D,  E,  and  G),  staphylococcal  pyrogenic  exotoxin*  (A  and  B),  and  toxic  shock 
syndrome  toxin- 1  (10.63,109).  Biological  propenies  common  to  PTs  include: 
non-specific  T  cell  mitogenicity,  supcraniigcnicity.  enhancement  of  endotoxin 
shock,  induction  of  scarlet  frver-likc  rash,  and  pyrogcnicity  (9.11,109).  Moreover, 
the  SPEs  have  been  shown  to  be  cardio.oxic  (99)  and  arc  suggested  to  be  involved 
with  rheumatic  fever,  scarlet  fever,  and  streptococcal  toxic  shock-like  syndrome 
(TSLS)  (19,30.66,193). 


The  research  reported  in  this  thesis  was  performed  for  several  reasons. 
The  information  yielded  from  the  cnaracterization  of  conditions  which  affect  toxin 
production  may  prove  useful  for  the  development  of  a  model  of  SPE  regulation. 
Since  SPEs  arc  believed  to  be  involved  in  many  streptococcal  infections,  such  as 
TSLS,  knowledge  of  conditions  which  confine  or  regulate  toxin  production  may  be 
beneficial  in  the  treatment  of  these  illnesses.  In  addition,  each  5.  pyogenes 
carries  a  single  copy  of  the  spcB  gene  (43,44,116),  yet  up  to  three  major  forms  of 
SPE  B  can  be  recovered  from  the  culture  fluids.  Thus,  knowledge  of  environmental 
conditions  which  favor  the  production  of  SPE  B  would  be  of  particular  interest  to 
future  studies  of  SPE  B  synthesis  and  processing  to  yield  the  various  forms  seen. 
Finally,  the  variety  of  conditions  studied  m  y  be  utilized  to  further  characterize 
the  relationship  between  SPE  B  and  streptococcal  proteinase  precursor  (SPP),  a 

protein  postulated  to  be  related  to  SPE  B  (32,107,114). 

Characteristics  of  SPEs 

The  SPEs  were  first  characterized  by  the  Dicks  in  1924  in  group  A 

streptococcal  filtrates,  which  when  applied  to  human  skin,  caused  scarlet  fever-like 
rashes  (23).  Subsequently,  three  serologically  distinct  types,  designated  SPE  A, 
SPE  B,  and  SPE  C  (109,110).  have  been  reported.  Hooker  and  Fullensby  (49) 

described  SPE  A  and  SPE  B  while  Watson  (110)  described  SPE  C.  These  toxins  were 
demonstrated  to  be  identical  to  the  scarlet  fever  toxins  (94). 

Streptococcal  pyrogenic  exotoxin  type  A.  In  1969,  Nauciel  et  al. 

(79)  reported  that  SPE  A  existed  in  two  molecular  forms  based  on  charge 
differences.  The  estimated  molecular  weight  (30,500)  and  immune  reactivity  of 
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both  forms  were  identical.  Furthermore,  conversion  of  the  two  molecular  species 
into  a  single  form  could  be  achieved  by  treatment  with  a  reducing  agent  (79). 

Cunningham  ct  al.  confirmed  the  report  of  SPE  A  charge  heterogeneity  and 
identified  isoelectrical  points  between  pH  4.5  and  5.0  (20). 

Frobisher  and  Brown  (29)  were  the  first  to  demonstrate  that  conversion  of 
nonscarlatinal  streptococci  to  toxigenic  strains  could  be  achieved  by  a  filterable 

agent  from  scarlet  fever  isolates.  Their  results  were  confirmed  Zabriskie  (117) 
who  showed  mat  infection  with  a  bacteriophage  induced  from  streptococcal  strain 
T12gl  caused  the  nontoxigcnic  strain,  T253,  to  elaborate  type  A  toxin.  Moreover, 
a  return  to  the  original  phenotype  was  achieved  through  phage  curing 
techniques.  Further  investigations  confirmed  these  results  (57,73,81,82). 

A  physieal  map  of  the  lysogenic  phage  from  T12gl  was  provided  by 
Johnson  and  Schlicvcrt.  The  phage  was  circulaiiy  permuted  and  3  a  kb  in  size 
(55).  Later  studies  by  the  same  authors  revealed  that  the  phage  carried  the 

structural  gene  for  SPE  A  (speA)  which  was  subsequently  cloned  into  Escherichia 
coli  (50).  The  £.  coli  clone  produced  toxin  comparable  to  streptococci-produccd 
SPE  A  with  respect  to  pyrogcnicity,  enhancement  of  susceptibility  to  endotoxin, 
lymphocyte  mitogcnicity.  and  alteration  of  immunoglobulin  production.  Weeks 
and  Ferretti  later  confirmed  these  results  (112).  speA  was  also  cloned  in  both 
Bacillus  subtilis  (62),  and  Streptococcus  sanguis  (112)  and  the  resultant  toxin  was 
also  demonstrated  to  be  similar  biochemically,  biologically,  and  immunologically 
to  .'•'rcptococcal  A  toxin. 

Johnson  ct  al.,  as  well  as  Weeks  and  Ferretti,  sequenced  speA  (54,113). 
Results  indicated  that  SPE  A  has  a  molecular  weight  of  approximately  26.000  as  a 
mature  protein.  Maturity  is  achieved  after  cleavage  of  a  30  amino  acid  signal 
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peptide.  Charge  heterogeneity  is  also  displayed  in  cloned  SPE  A  (56);  two 
molecular  forms  with  isoelectric  points  of  4.5  and  5.5  are  observed. 

Recently,  SPE  A  has  been  associated  with  TSLS  (46,78).  The  majority  of  the 
associated  strains  belong  to  M  types  1  and  3.  Interestingly,  Ml  isolates  make  very 
low  levels  or  no  detectable  SPE  A  despite  having  the  gene,  whereas  M3  isolates 
made  large  amounts  of  the  toxin  (15,  44,  66). 

In  1981  Houston  and  Ferrctti  (51)  reported  that  SPE  A,  as  well  as  SPE  B  and 
SPE  C,  are  produced  throughout  the  growth  cycle.  These  authors  reported  that  SPE 
A  production  was  not  affected  by  temperature,  glucose  concentration,  or  metal 
ion  concentration,  although  their  published  data  indicated  a  47%  reduction  in  SPE 
A  production  in  glucose  enriched  cultures  (51).  Recently,  it  has  been  shown  that 
SPE  A,  when  produced  in  Staphylococcus  aureus,  is  under  control  of  accessory  gene 
regulator  (agr),  the  global  regulator  of  exotoxin  production  in  that  organism 
(P.M.Schlievert,  personal  communication).  SPE  A  shares  approximately  50% 
sequence  similarity  with  staphlococcus  exotoxin  type  B  and  C  ySEB  and  SEC)  both 
of  which  arc  agr  regulated  (43).  it  has  thus  been  proposed  that  SPE  A,  SEB,  and 
SEC  have  a  fairly  recent  common  ancestor  and  likely  of  staphylococcal  origin. 
Since  SEB  and  SEC  arc  late  log  phase  regulated  proteins  (61,85.86).  rather  than 
being  made  throughout  the  growth  cycle,  it  may  be  hypothesized  that  SPE  A 
should  also  be  regulated  similarly,  in  contrast  to  that  seen  by  Houston  and 
Fcrretti. 

Streptococcal  pyrogenic  exotoxin  type  B.  The  mechanism  of 
regulation  of  SPE  B  production  is  unknown  at  this  time.  It  has  been  reported  that 
all  but  one  group  A  streptococci  carry  a  single  copy  of  the  gene  speQ  which 
encodes  for  SPE  B  (28,44.116).  For  this  reason,  it  is  unlikely  that  speB  itself  is 


4 


carried  by  a  bacteriophage,  although  Nida  and  Ferrctti  have  suggested  that  SPE  B 
production,  in  certain  snains,  is  influenced  by  bacteriophage  and  transferred  by 
lysogenic  conversion  as  arc  A  and  C  toxins  (81).  Like  SPE  A,  SPE  B  also  displays 
charge  heterogenicity  with  isoelectric  points  of  8.0,  8.3,  and  9.0  (2). 

E.  coUspeB  cloned  from  the  streptococcal  isolate  86-858  yielded  toxin 
which  retained  its  mitogenic  properties  (12).  Subsequent  studies  inferred  that 
speB  encodes  a  398  amino  acid  protein  of  approximately  43,000  molecular  weight 
and  containing  a  27  residue  signal  peptide  (45).  The  molecular  weight  of  the  371 
residue  mature  protein  is  40.314.  This  mature  protein  can  apparently  later 
undergo  proteolytic  cleavage  (44)  to  yield  a  final  form  with  a  molecular  weight  of 
27,500.  Comparisons  between  the  inferred  sequence  of  SPE  B  and  that  of 

streptococcal  proteinase  precursor  (SPP)  (46,107,114),  an  extracellular  product  of 
group  A  streptococci,  demonstrate  a  close  relationship.  Also  isoelectric  point 
studies  and  serological  assays  between  the  two  proteins  suggest  that  they  may  be 
variants  of  the  same  protein.  Gcriach  ct  al.  suggested  that  the  charge 
heterogeneity  of  SPE  B  may  be  explained  by  its  similarity  to  SPP  which  produces 

an  isoelectric  focusing  pattern  similar  to  that  of  SPE  B  (32).  As  a  result  of 

proteolytic  cleavage  all  but  one  group  A  streptococci  tested  have  DMA  sequences 

which  hybridize  to  a  jpeB-spccific  probe  (45,116);  consequently,  speB  is  not 
considered  a  variable  trait.  Although  rpeB-like  sequences  are  found  in  nearly  all 
tested  group  A  streptococci  genomes.  SPE  P  is  detected  in  culture  fluids  from  only 
half  of  the  same  streptococci  (45). 

Streptococcal  pyrogenic  ixotoxin  type  C.  Schlicv'*ri  ct  al.  initially 
characterized  SPE  C  and  determined  its  mclccular  weight  to  be  1.1. 2GU  t9i).  Like 
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SPE  A  and  SPE  B,  this  toxin  exhibits  hcterogenicity  with  isoelectric  points  of  6.7 
and  7.0  (91).  The  process  of  lysogenic  conversion  in  SPE  C  was  first  demonstrated 
by  Colon-Whitt  et  al.  (18)  and  Johnson  (57)  when  both  groups  were  able  to 
initiate  SPE  C  production  in  non  SPE  C-producin  .treptococcal  strains  through 
infection  by  phages  induced  from  SPE  C-producing  streptococci  strains. 
Furthermore,  the  high  percentage  of  induced  phage  capable  of  causing  this 
change  indicated  that  lysogenic  conversion,  rather  than  specialized  or  generalized 
transduction,  was  taking  place  (57,36). 

spec,  the  gene  encoding  SPE  C,  was  cloned  by  Goshom  et  al.  (34)  in 
Escherichia  coli  from  group  A  .streptococcal  strain  T18P  which  makes  SPE  C  but  not 
SPEs  A  or  B.  The  cloned  toxin  was  of  the  same  size  as  streptococcal  derived  SPE  C 
and  possessed  similar  biological  properties  such  as  mitogcnicity,  pyrogcnicity. 
and  the  ability  to  enhance  susceptibility  to  endotoxin  as  those  found  in 
strcptococcal-dcrivcd  SPE  C.  speC  was  further  subcloncd  onto  a  1.7  kb  fragment 
and  a  ipeC-spccific  DNA  probe  was  constructed  which  was  then  hybridized  to 
phage  induced  from  CS112,  a  SPE  C-producing  streptococcal  isolate  (36).  Infection 

with  this  phage  resulted  in  SPE  C  production,  however,  it  was  specific  for  certain 

recipient  strains  (36).  Moreover,  all  strains  examined  that  made  SPE  C,  even  those 
strains  that  did  not  produce  infectious  jpeC-containing  phage,  were  shown  to 
possess  speC  adjacent  to  phage  DNA.  speC  cloned  from  the  CS112  phage 
produced  to.in  similar  in  size  and  serological  properties  as  that  cloned  from  T18P 
(34).  These  findings  suggc.st  that  speC  is  as.sociated  with  bacteriophage,  but  that 
the  phages  in  many  SPE  C-producing  strains  arc  defective  (36). 

The  nucleotide  sequence  of  speC  (34)  indicates  that  mature  SPE  C,  a  208 

amino  acid  protein,  has  a  molecular  weight  of  24,354.  Like  speA,  it  is  a  variable 


6 


trait.  speC  is  found  in  approximately  50%  of  group  A  streptococci  (116).  The 
detection  of  SPE  C  is  difficult  due  to  its  weak  imraunogenicity;  thus  it  has  not  been 
determined  whether  the  presence  of  speC  is  always  associated  with  toxin 
production  (91). 


Structural  Similarities  of  Pyrogenic  Toxins. 

Since  pyrogenic  toxins  (PTs)  share  biological  activities,  it  can  be  expected 
that  they  also  share  similar  structures.  The  sequencing  of  PT  genes  allows  for 
quantified  analysis  of  such  primary  structural  interrelatedness.  Alignments  of 
mature  amino  acid  sequences,  for  example,  indicate  that  SPE  A,  SEB,  SECI,  SEC2, 
and  SEC3  form  a  closely  related  cluster  of  toxins  (34.43,44).  SEA,  SED,  and  SEE 
comprise  another  cluster  (43,44).  it  has  been  suggested  that  all  of  the  PT,<  may 
have  evolved  from  a  single  precursor  (43).  This  hypothesis  is  further  supported 
by  the  fact  that  many  PTs  share  a  common  mode  of  genetic  regulation:  agr 
controls  the  expression  of  eniB,  entC.  entD,  tst,  and  jpeA(whcn  cloned  into  S. 
a ure us )vjh'\ch  encode  for  SEB,  SEC.  SED,  TSST-1,  and  SPE  A  respectively 
(5,71,85,86).  All  PT  genes  except  speB  are  variable  trait?  and  are  carried  by 
mobile  elements  such  as  phages  in  the  case  of  eniA,  speA,  and  speC  or  large 
transposon-like  elements  .is  is  the  case  with  the  other  toxin  gcncs(6.56.37). 

Despite  shared  biological  activities,  some  PTs  exhibit  relatively  little 
primary  sequence  similarity  with  other  members  of  the  family.  SPE  B.  TSST-l, 
and  SPE  C  arc  examples  of  such  toxins  (43).  It  is  surprising  that  no  homology 
exists  between  even  small  regions  (10  amino  acids)  of  SPE  B  and  TSST-1  and  the 
other  sequenced  PTs  (44). 
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Biological  Properties  of  Streptococcal  Pyrogenic  Exotoxins. 

Pyrogenicity.  It  has  been  demonstrateu  that  the  SPEs  induce  a  fever 
response  in  rabbits  which  peaks  at  4  hours  and  then  returns  to  normal.  This  cycle 
remains  the  same  regardless  of  the  administration  protocol  used  (93,98,110). 
Schlieven  and  Watson  demonstrated  the  high  diffusibility  of  SPE  C  by  injecting 
rabbits  intravenously,  intramuscularly,  intradermally,  intracistemally  (into  the 
hypothalmus  area),  and  subcutaneously  and  observing  the  same  pattern  of  fever 
response  (98).  After  a  series  of  5  to  6  injections  every  other  day,  the  rabbits 
become  immune  to  the  pyrogenic  activity.  This  is  not  so  with  endotoxin  (98) 
where  the  agent  causes  fever  responses  that  peak  at  1  and  3  hours  and  in  which  it 
is  possible  to  immunize  and  prevent  only  the  3  hour  peak. 

Schiievert  and  Watson  reported  that  SPEs  may  be  capable  of  crossing  the 
blood-brain  barrier  (98).  These  reports  suggest  that  the  fever  response  is  elicited 
by  direct  stimulation  of  the  hypothalamus  (98).  Furthermore,  SPE  A  has  been 
shown  to  induce  the  release  of  tumor  necrosis  factor  from  monocyte  cells  (27).  A 
small  amount  of  this  factor  has  been  known  to  cross  the  blood-brain  barrier. 
When  produced  centrally,  tumor  necrosis  factor  causes  a  pyrogenic  response  (7). 

It  could  be  possible  that  SPEs  cross  the  blood-brain  barrier  and  elicit  the  release  of 
tumor  necrosis  factor  from  a  population  of  central  nervous  system  cells,  thus 
inducing  fever  in  the  host  (7,98). 

Enhanced  susceptibility  to  endotoxin.  Treatment  with  SPEs  has  been 
shown  to  enhance  the  host's  susceptibility  to  other  .igcnts  such  as  endotoxin  and 
streptolysin  0  (98,99,109,110).  The  effects  of  endotoxins  are  magnified  by  SPEs 
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by  as  much  as  100,000  fold  (60,90).  Rabbits  injected  with  a  sublethal  dose  of 
endotoxin  4  hours  after  an  injection  of  SPE  respond  with  fever,  diarrhea,  and 
death  (98).  It  has  been  suggested  that  SPEs  inhibit  the  reticuloendothelial 
clearance  function  due  to  transient  inhibition  of  liver  cell  RNA  synthesis  and  thus 
reduce  the  host's  ability  to  clear  the  endotoxin  from  its  circulatory  system  (40,95). 
Other  investigators  suggest  that  another  factor  besides  reduced  clearance  must  be 
involved  (77). 

IVfitogenicity.  The  ability  of  SPEs  to  stimulate  nonspecific  lymphocyte 
production  was  demonstrated  by  Barsumian  et  al.  in  1978  (3)  in  humans  (cord 
and  peripheral  blood),  rabbits,  and  guinea  pigs.  It  is  now  known  that  this 
proliferation  is  limited  to  T  cells  (97).  Other  substances  from  streptococcal  cells  or 
supemates  have  been  shown  to  resemble  or  be  identical  to  the  SPEs  and  to 
demonstrate  the  same  ability  to  cause  lymphocytes  to  proliferate  nonspccificaMy. 
For  example,  blastogcn  A  (37,87),  a  streptococcal  product  found  m  the 
extracellular  culture  fluid,  possesses  the  same  mitogenic  attributes  and  has  been 
found  to  be  identical  to  SPE  A  (96).  Recently,  Leonard  et  al.  reponed  that  the  SPEs 
are  super-antigens  because  they  cause  proliferation  of  T  cells  bearing  T  cell 
receptors  with  certain  variable  region  beta  chain  elements  (67).  Furthermore, 
antigen  presenting  cells  and  class  II  molecules  are  required  for  activity  (67). 
Thus,  each  SPE  will  stimulate  all  T  cells  dependent  on  their  having  the  3  to  5 
recognized  beta  chains.  The  mitogenic  activity  is  nonspecific  in  that  T-cclls  arc 
stimulated  to  proliferate  without  regards  to  their  antigenic  specificity. 
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MATERIAL  AND  METHODS 


Kinetics 

Bacterial  strains.  Toxins  for  this  study  were  obtained  from 
Streptococccus  pyogenes  strains  T253  cured  T12  (M  type  25),  86-858  (M  type  12), 
T18P  (M  type  18),  and  NY-5  (M  type  10  and  12).  Through  the  use  of  Ouchterlony 
immunodiffusion  and  Western  immunoblot  assays,  it  has  been  shown  that:  T253 
cured  T12  produces  detectable  amounts  of  SPE  A  but  not  SPE  B  or  SPE  C;  86-858 
produces  only  SPE  B;  T18P  produces  detectable  amounts  of  SPE  C  but  not  SPE  A  or 
SPE  B;  and  NY-5  produces  detectable  amounts  of  all  three  SPEs.  Toxins  for  use  as 
positive  controls  were  purified  from  each  of  the  primary  producing  strains  or 
from  cloned  £.  colt  lysates.  Streptococcal  strains  and  clones  were  obtained  from 
laboratory  stocks. 


Culture  media,  growth  conditions  and  sampling.  A  standard  or 
template  streptococcal  strain  growth  procedure  for  this  study  was  established  as 
follows:  bacteria  from  stock  cultures  or  stock  blood  agar  plates  (BAPs)  were  grown 
overnight  at  37°  C  in  the  presence  of  7%  carbon  dioxide  in  Todd  Hewitt  broth 
(Difeo  Laboratories,  Detroit,  MI).  The  entire  culture  was  used  as  an  inoculum  and 
grown  to  stationary  phase  in  100  ml  of  dialyzable  beef  heart  medium 
supplemented  with  5  ml/100  ml  of  glucose  buffer,  referred  to  as  GB,  (0.33  M 
glucose,  0.5  M  sodium  bicarbonate,  0.68  M  sodium  chloride,  0.12  M  disodium 
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phosphate-hcptahydrate,  0.027  M  L-glutamine).  This  latter  medium  is  referred 
to  as  complete  beef  heart  medium.  This  culture  becomes  the  source  of  inocula  for 
each  experiment  and  is  referred  to  as  the  "stock"  sample.  Typically  1  ml  of  stock 
is  added  to  100  ml  fresh  complete  beef  heart  medium  and  grown  at  37°  C  in  the 
presence  of  7%  CO2.  From  this  new  culture,  samples  were  periodically  removed 
for  testing.  Part  of  each  sample  broth  (2.5  ml)  was  used  to  monitor  growth,  colony 
forming  units  (CPUs),  and  pH.  The  remaining  broth  was  then  treated  with  4 
volumes  of  ethanol  to  precipitate  toxins.  Precipitates  were  sedimented  by 
centrifugation  (500  x  g,  20  min),  dried,  resuspended  in  1/10  volume  of  distilled 
water,  insoluble  material  removed  by  centrifugation  in  a  microfugc  for  10 
minutes,  and  stored  at  4^  C.  The  resulting  concentrated  (lOx)  supematc  was  used 
to  determine  toxin  production  and/or  proteinase  activity.  Purity  of  the  cultures 
was  determined  throughout  growth  and  sampling  by  streaking  a  sample  onto 
BAPs. 


Toxin  detection.  The  sample  supernates  were  tested  by  dilution 
Ouchtcriony  immunodiffusion  for  reactivity  with  specific  toxin  antisera  from 
hyperimmunized  rabbits.  The  protocol  for  hyperimmunization  is  described  by 
Schlievert  et  al.  (91).  Briefly,  American  Dutch  belted  rabbits  were  immunized 
subcutaneously  with  a  mixture  of  equal  volumes  of  purified  toxin  and  Freund 
incomplete  adjuvant.  Rabbits  were  injected  every  14  days  and  bled  7  days  after 
each  booster  injection  beginning  on  day  21.  Blood  was  allowed  to  clot  for  24  hours 
at  40  C,  centrifuged  for  30  minutes,  and  the  scrum  tested  for  reactivity  against 
known  toxin.  Toxin  concentration  in  samples  was  estimated  by  determining  the 
maximum  dilution  of  supemate  (20ul/wc!l)  which  was  detectable  by  Ouchtcriony 


immunodiffusion  assay  (the  lower  limit  detection  had  been  found  empirically  to 
be  6  ug/ml  of  the  concentrated  culture  fluid,  or  0.6  ug/ml  in  the  original  culture 
fluid). 

Further  concentration  of  some  supemates  was  required.  The  concentrated 
(lOx)  samples  were  placed  in  a  speed  vac  concentrator  (SAVANT,  Hicksville,  NY), 
spun  for  2  to  4  hours,  and  resolubilized  in  distilled  water.  The  resulting 
concentrated  sample  which  was  100  times  concentrated  with  respect  to  the 
original  culture  was  then  tested  by  Ouchtcrlony  immunodiffusion  assay. 

Monitoring  growth  and  viability.  Growth  was  monitored  by 
measuring  the  absorbance  of  samples  by  use  of  a  Beckman  spectrophotometer 
model  34  (Irving,  CA)  at  a  wavelength  of  655  nm  (17),  Sterile  media  with  all 
appropriate  buffers  were  used  as  reference  samples.  The  method  used  to  monitor 
cell  growth  and  viability  was  by  detection  of  colony  forming  units  (CPUs).  The 
sample  broths  were  subjected  to  10  fold  serial  dilutions,  100  ul  plated  on  Todd 
Hewitt  agar  plates,  the  plates  incubated  at  37°  C  in  the  presence  of  7%  carbon 
dioxide  for  24  hours,  and  the  number  of  colonies  determined. 

Monitoring  pH.  The  pH  of  sample  broths  was  determined  using  Hydrion 
paper  (Micro  Essential  Lab,  Brooklyn,  NY)  of  pH  ranges  6.0  to  8.0,  3.0  to  5.5,  or 
3.0  to  10.0  as  appropriate.  Monitoring  of  large  cultures  were  done  with  a 
Brinkman  Instruments  pH-101  meter  (Westbury,  NY). 

Purification  of  control  toxins.  A  standard  purification  protocol  is 
described  by  Wannamaker  and  Schlievert  (109).  Briefly,  bacteria  were  grown  in 
complete  beef  heart  medium  as  described  previously.  Culture  supemates  and 
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cells  were  precipitated  with  4  volumes  of  ethanol  and  stored  for  4  days  at  4°  C. 
The  ethanol  was  then  decanted,  and  the  precipitate  collected.  The  precipitate  was 
resolubilizcd  in  acetate-buffered  saline  (ABS)  (pH  4.5)  and  then  centrifuged 
(10,000  X  g,  20  min)  to  remove  insoluble  materials  which  include  cell  debris  and 
irreversibly  denatured  protein.  The  supernatant  was  again  treated  with  4 
volumes  of  ethanol,  allowed  to  settle,  and  then  the  precipitate  collected  by 
centrifugation.  The  partially  purified  toxin  was  then  resolubilized  in  distilled 
water,  centrifuged,  and  dialyzed  against  distilled  water  for  2  days  at  4°  C.  The 
resulting  solution  was  concentrated  approximately  two-fold  in  dialysis  tubing  by 
evaporation  and  then  lyophilized.  The  component  proteins  were  separated  by 
preparative  thin-layer  isoelectric  focusing  in  pH  gradients  of  3.5  to  10  (Pharmacia 
LKB  Biotechnology,  Inc.  Piscataway,  NJ).  Fractions  were  tested  for  the  presence  of 
toxin  by  Ouchtcrlony  immunodiffusion  as  described  above.  Positive  fractions 
were  refocused  in  the  appropriate  narrow  pH  gradient  corresponding  to  the 
reported  isoelectric  focusing  point  of  the  toxin  4  to  6  for  SPE  A.  6  to  8  for  SPE  C, 
and  7  to  9  for  SPE  B.  Protein  bands  were  harvested  and  dialyzed  at  4°  C  for  4  days 
against  distilled  water  to  remove  ampholytes.  Toxin  concentration  was 
determined  by  both  the  Bradford  protein  assay  (BioRad  Laboratories,  Richmond, 
CA)  and  dilution  Ouchtcrlony  immunodiffusion  assay  where  the  last  visible 
dilution  was  defined  as  containing  6  ug/ml  toxin. 

SDS-polyacrylamide  trel  electrophoresis.  The  protocol  used  in  this 
study  for  SDS-polyacrylamide  gel  electrophoresis  was  described  by  Laemmli  (64). 
The  discontinuous  buffer  system  provided  sufficient  protein  separation. 
Coomassic  brilliant  blue  R250  staining  was  used  to  detect  proteins.  The 
molecular  weight  markers  used  were  the  BioRad  (BioRad  Laboratories,  Richmond, 
CA)  low  range  SDS-PAGE  standards  which  include  phosphorylase  B,  bovine  serum 


albumin,  ovalbumin,  carbonic  anhydraae.  soybean  trypsin  inhibitor,  and 
lysozyme. 

Western  immunoblot.  For  Western  immunoblots,  the  proteins  were 
first  transferred  from  the  polyacrylamide  gels  to  nitrocellulose  membranes 
(Schleicher  and  Schucii,  Keene.  NH)  in  a  Trans-Blot  cell  (BioRad  Laboratories)  using 
standard  transfer  buffer  (25  mM  Tris  buffer,  pH  8.3,  192  mM  glycine,  and  20% 
[w/v]  methanol)  (43).  Nitrocellulose  membranes  were  incubated  1.5  hours  with 
diluted  hyperimmune  rabbit  antiserum  (50  ul/100  ml)  at  room  temperature, 
washed,  and  ■  incubated  with  alkaline  phosphatase-conjugated  anti-rabbit 
immunoglobulin  G  (Sigma)  for  an  additional  1.5  hours.  The  protein  -  antibody 
complexes  were  detected  by  using  the  indolyl  phosphate-nitroblue  indicator 
system  of  Blake  et  al.  (8).  The  molecular  weight  markers  used  in  the  Western 
immunoblots  were  the  BioRad  low  range  prestained  SDS-PAGE  standards  which 
are  identical  to  those  listed  above  but  have  been  conjugated  to  a  dye. 

Proteinase  assays.  Hynes  and  Tagg  (52)  described  an  assay  for 
detecting  proteinase  activity  in  liquid  preparations.  This  well  diffusion  method 
used  a  1:2  diluted  Columbia  agar  base  supplemented  with  3%  skim  milk.  The 
reducing  agent  (0.01  M  2-mercaptocthanol)  was  added  to  the  samples  prior  to 
loading  the  wells.  Their  assay  was  modified  to  maximize  detection  of  proteolytic 
activity  at  6  hours.  The  base  gel  contained  0.75%  agarose  (Sigma  Chemical  Co.. 
St.  Louis.  MO)  and  1%  skim  milk  (Difeo).  This  mixture  was  slowly  heated  until 
molten.  Immediately  before  pouring  the  2.5  ml  slides,  2-mercaptocthanol  (Sigma) 
(20ui/10  ml  agarose)  was  added  to  the  molten  agarose.  After  cooling,  standard 
Ouchterlony  wells  were  punched  and  unreduced  culture  samples  ^^15  ul)  were 
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directly  loaded.  The  ilidea  were  routinely  used  within  24  hours,  however,  they 
still  retailed  their  sensitivity  at  12  hours  when  stored  at  C.  The  concentrated 
(lOs)  samples  were  incubated  for  6  hours  at  37^  C  in  welts  punched  into  the  skim 
milk  slides  described  above.  Proteolytic  activity  was  detected  by  the  formation  of 
clearing  tones. 


Manipulation  of  Knvironmcnial  Conditions. 

Protein  level  In  media.  The  standard  complete  beef  hean  media  was 
supplemented  with  1%  bacto-tryptone  (w/v)  (Difeo).  Standard  procedures  for 
sampling  and  testing  were  used. 

Glucose  level  In  media.  To  the  standard  glucose  buffer  described 
previously,  additional  amounts  of  glucose  were  added.  The  standard  glucose 
buffer  contains  0.33  M  glucose,  whereas  the  other  buffers  made  contained  0.67  M 
glucose,  1.00  M  glucose,  I.S  M  glucose,  and  2  M  glucose.  These  concentrated 
glucose  buffers  (5  ml)  were  added  tc  100  ml  of  complete  bed  heart  media. 
Standard  growth  protocol,  sampling,  and  testing  proceeded  as  previously 
described. 

Incubation  temperature  of  media.  Temperatures  selected  were 
similar  to  those  used  by  Houston  and  Ferrctti  (51)  (i.e.  25°  C,  37°  C.  and  40°  C). 
Six  100  ml  compiofc  beef  heart  medium  cultures  were  inoculated.  A  pair  of 
cultures  were  designated  for  each  temperature.  One  of  each  pair  was  incubated 
in  the  presence  of  7%  carb(  dioxide.  The  other  remained  under  stationary 


conditions  in  a  standard  incubator.  Sampling  and  testing  proceeded  as 
previously  described. 

Oxygen  content  of  media.  To  change  the  oxygen  content  of  the  media, 
the  standard  protocol  was  modified  and  two  methods  were  utilized.  With  the  first 
method,  pairs  of  cultures  were  designated.  One  culture  was  placed  in  an 
oscillating  incubator  (Gyrotory  Shaker,  New  Brunswick  Scientific  Co.,  New 
Brunswick,  NJ)  (80  cycles/min)  at  37°  C.  The  other  culture  was  placed  stationary 
in  the  presence  of  1%  carbon  dioxide  at  37°  C.  In  the  second  method,  in  order  to 
distinguish  the  possible  effects  of  carbon  dioxide,  triplicate  cultures  were 
designated.  One  culture  was  grown  stationary  in  the  presence  of  7%  carbon 
dioxide  at  37°  C.  A  second  culture  was  grown  stationary  in  a  standard  incubator 
at  37°  C.  The  third  culture  was  grown  in  an  oscillating  incubator  (80  cycles/min) 
at  37°  C.  Sampling  and  testing  procedures  were  as  previously  detailed. 

pH  of  media.  In  order  to  manipulate  the  pH,  the  standard  protocol  was 
modified  as  follows:  pH  of  media  was  adjusted  to  three  ranges  -  acidic  (5.S  to 
6.5),  neutral  (pH  6.8  to  7.2),  and  basic  (7.6  to  8.5).  Adjustments  were  made  after 
the  addition  of  glucose-buffer,  but  prior  to  inoculation.  The  pH  adjustment  was 
made  by  dropwise  addition  of  either  10  N  sodium  hydroxide  or  12  M  hydrochloric 
acid.  To  visualize  the  pH  ranges,  saturated  phenol  red  solution  (Sigma)  was  added 
to  the  cultures.  Phenol  red  is  yellow  at  pH  <  6.4,  orange  near  pH  7,  and  red  at  pH 
>  8.2.  Cultures  were  grown  in  the  presence  of  1%  carbon  dioxide  at  37°  C.  One 
milliliter  samples  of  the  cultures  were  taken  after  each  pH  adjustment  to 
determine  if  the  appropriate  pH  range  for  that  culture  had  been  achieved. 
Standard  sampling  and  testing  procedures  were  used. 


Separation  of  SPE  B  from  Proteinase  Activity. 


Strains  T18P,  (SPE  B‘,  proteinase'*’)  and  86-858  (SPE  B’*’,  proteinase'*’)  were 
selected  for  the  experiment  based  on  preliminary  proteinase  and  toxin  assays.  In 
order  to  compare  the  ammonium  sulfate  precipitation  method  of  Elliott  and 
coworkers  (24,26,69)  with  the  ethanol  precipitation  method  of  Wannamaker  and 
Schlievert  (109),  the  following  protocol  was  designed.  Strains  were  grown  in 
duplicate  in  identical  batches  of  5  L  complete  beef  heart  media  (7%  CO2)  to 
stationary  phase.  One  5  L  culture  of  each  strain  was  subjected  to  4  volumes  of 
ethanol  (e.g.  86-858  EtOH)  and  proteins  separated  by  isoelectric  focusing  in  a  pM 
gradient  of  3.5  to  10.  The  other  5  L  culture  was  treated  with  ammonium  sulfate 
(e.g.  86-858  A.S.)  as  follows:  the  5  L  culture  was  brought  to  80%  saturation  (w/v) 
with  ammonium  sulfate  and  proteins  allowed  to  settle  for  24  hours  at  room 
temperature.  Precipitates  were  collected  by  centrifugation  (5000  x  g.  15  min),  the 
liquid  discarded,  and  precipitates  rcsolubilizcd  in  150  ml  of  pyrogen-free 
distilled  water.  Samples  were  dialyzed  against  water  for  24  hours  at  room 
temperature  with  several  changes  of  water.  Insoluble  materials  were  removed  by 
centrifugation  (10,000  rpm,  30  min)  and  the  sample  subjected  for  preparative 
isoelectric  focusing  gr.idient  of  3.5  to  10. 0  (as  described  above).  The  fractions 
from  both  EiOH  and  A.S.  methods  were  harvested  and  tested  for  SPE  B  and 
proteinase  activity  as  described  above.  Representative  fractions  were  selected 
and  subjected  to  high  pressure  liquid  chromotography  (IIPLC).  The  protein  peaks 
obtained  were  pooled  and  tested  for  SPE  B  and  proieina.se  activity.  Purified 
cloned  SPE  B  (a  lab  slock)  was  subject  to  IIPLC  as  a  control. 


RESULTS 


Kinetics  of  SPE  Production 

T253  cured  TI2.  The  results  of  the  baseline  growth  studies  for  strain 
T233  cured  TI2.  which  produces  only  SPE  A,  arc  shown  in  Figure  la  and  lb.  A 
strong  correlation  was  shown  between  determination  of  colony  forming  units 
(CPUs)  and  optical  density  (OD)  as  methods  for  monitoring  growth.  A  linear  drop 
in  pH  was  observed  which  inversely  corresponded  to  the  bacterial  growth.  The 
Western  immunoblot  in  Figure  Ic  illustrates  the  relationship  of  growth  and  toxin 
production  of  a  typical  trial.  At  the  24  hour  sampling,  a  peak  standard  toxin 
concentration  of  2.4  ug/ml  was  observed.  The  data  indicate  the  majority  of  toxin 
was  made  just  prior  to  stationary  phase  and  thus  the  toxin  was  late  log  phase 
regulated. 

86-858.  The  results  from  a  representative  baseline  trial  of  86-858  arc 
shown  in  Figure  2a.  Figure  2b  depicts  a  Western  immunoblot  of  SPE  B  production 
of  a  typical  trial.  SPE  B  is  again  only  observed  at  detectable  levels  late  in  the 
growth  cycle.  Interestingly,  addition  of  1%  tryptone  significantly  increased  toxin 
production  compared  to  standard  conditions. 

T18P.  Figure  3  presents  a  typical  example  of  trials  for  TI8P  which 
produces  SPE  C  only.  SPE  C  is  typically  not  made  in  high  concentrations.  The 
Ouchterlony  immunodiffusion  results  reported  thus  were  obtained  from  50  or 


100  fold  concentrated  samples  which  were  used  if  sufficient  sample  was  available. 
T18P  cultures  did  not  grow  to  as  high  a  density  nor  did  they  reach  as  acidic  a 
culture  pH  level  as  did  T253  cured  T12  or  86-858.  Again  SPE  C  was  only  made  in 
detectable  amounts  in  late  log  phase  of  growth. 

NY-S.  Strain  NY-5  is  known  to  be  a  strong  SPE  A  producer  but  also  makes 
SPE  B  and  SPE  C  (  50,104,110).  Figure  4a  and  4b  display  representative  trials  of 
strain  NY-5.  Ouchterlony  immunodiffusion  results  reported  for  SPE  B  and  SPE  C 
arc  from  50  or  100  fold  concentrated  culture  fluids.  As  with  strains  that  make 
only  a  single  SPE  all  three  were  maximally  made  in  late  log  phase  in  NY-5. 

Increased  inocula.  Larger  volumes  of  inocula  were  tried  in  order  to 
increase  toxin  levels  to  within  the  sensitivity  range  of  the  antisera.  This 

technique  was  applied  to  test  further  the  possible  relationship  between  cell 
density  and  toxin  production.  Although  SPE  B  was  detected  earlier  in  the  larger 
inocula  trials,  by  24  hours,  the  level  of  toxin  was  the  same  in  all  three  cultures. 
Likewise,  the  time  of  production  of  toxin  in  the  growth  cycle  was  not  altered  with 
toxin  being  maximally  produced  in  late  log  phase. 
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Figure  la.  Growth  curves  of  TIS^  cured  T12.  Determination  of  colony  forming 
units  (CFUs)(abovc)  and  optical  density  (OD)  (below)  were  used  to  monitor  growth. 
All  trials  represent  1:100  inocula  into  lOOmI  of  complete  beef  heart  media  grown 
at  37®  C  and  7%  CO2.  Arrows  indicate  earliest  detection  of  toxin. 


Figure  Ib.  pH  and  SPE  A  production  in  T253  cured  T12.  pH  changes  (above)  and 
SPE  A  production  (below)  arc  shown.  Growth  conditions  arc  identical  to  Figure  la. 
Toxin  concentration  of  culture  is  represented  as  measured  by  Ouchterlony 
immunodiffusion. 


23 


Changes  in  pH  during  Growth 


Standard  S?E  A  Production 


Figure  Ic.  Western  immunoblot  assay  of  SPE  A  production  in  T253  cured  T12. 
The  trial  shown  corresponds  to  trial  A  in  Figures  la  and  lb.  Peak  of  culture 
growth  was  at  12  hours,  mid  log  corresponds  to  8  hours.  Ten  microlitcrs  of  10 
limes  concentrated  culture  fluid  was  loaded  per  lane. 
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Changes  in  pH  during  Growth 

- Trial  A 


SPE  B  Production  during  Growth 


Fitrure  2b.  Western  immunoblot  assay  of  SPE  B  production  in  86*858  in  standard 
and  1%  tryptone  conditions.  Twenty  microliters  of  10  times  concentrated  culture 
fluid  was  loaded  per  lane.  Concentration  of  SPE  B  by  Ouchterlony:  stock  24  hour 
(1.2  ug/ml),  standard  24  hour  (4.8  ug/ml),  and  tryptone  24  hour  (9,6  ug/ml). 
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Figure  3.  pH  changes  and  toxin  production  during  growth  of  siruin  TI8P. 
Determination  of  OD  was  used  to  monitor  growth  (top).  All  trials  represent  1:100 
inocula  into  100ml  of  complete  beef  heart  media  (5%  GB)  grown  at  370  C  and  7% 
C02.  Standard  pH  pattem.s  (middle)  and  SPE  C  production  (bottom)  arc  shown. 


Time  (brs) 


Figure  4a.  pH  changes  during  growth  of  NY-5.  Dctcrminaiion  of  OD  was  used  to 
determine  growth  (aoove).  All  trials  represent  1:100  inocula  into  100  ml  of 
complete  beef  heart  media  grown  at  37®  C  and  1%  CO2.  Standard  pH  patterns  arc 
shown  (below). 
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Figure  4b.  Toxin  production  in  NY-5  during  growth.  SPE  A  (top),  SPE  B  (middle), 
and  SPE  C  (bottom)  production  are  shown.  Results  reported  for  SPE  B  and  SPE  C  arc 
from  100  fold  concentrated  samples.  SPE  A  production  is  much  stronger  than 
cither  SPE  B  or  SPE  C. 


*4 
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Manipulation  of  Environmental  Conditions. 


Protein  enriched  media.  The  results  of  paired  cultures  with  and 

without  bacto-tryptone  are  depicted  for  strains  T253  cured  T12,  86-858,  and 
T18P  strains  in  Figures  5a,  5b,  and  5c.  For  all  three  strains,  the  protein  enriched 
culture  exhibited  a  longer  lag  phase  followed  by  more  rapid  and  extensive  growth 
than  the  standard  culture  of  the  same  strain.  This  was  also  seen  for  strain  NY-5 
which  makes  all  three  toxin  (data  not  shown).  The  pH  of  the  media  became 
increasingly  more  acidic  in  proportion  with  the  growth  of  the  culture.  Enriched 

cultures  characteristically  produced  twice  the  amount  of  SPE  B  and  demonstrated  a 
decrease  in  the  rate  of  SPE  A  production  as  compared  to  the  standard  cultures. 
The  decrease  in  SPE  A  production  was  not  seen  after  24  hours  of  culture  of  T253 
cured  TI2  but  was  in  NY-5  (data  not  shown). 

Glucose  enriched  media.  To  increase  the  glucose  content  of  the  culture 
media,  five  separate  stocks  of  glucose  were  made  ranging  in  concentration  from 
0.33  M  to  2.0  M  glucose.  Strains  T253  cured  T12  and  86-858  were  grown  at  37° 

C  in  the  presence  of  7%  carbon  dioxioc  and  representative  trials  arc  logged  in 
Figure  6  and  7  respectively.  Glucose  delayed  toxin  production  by  T253  cured  T12 
at  concentrations  above  16.7  mM  did  not  result  in  maximal  SPE  A  until  24  hours 
whereas  16.7  mM  peaked  at  10  hours.  SPE  B  gave  similar  results  but  production 
of  toxin  was  below  detectable  levels  by  Ouchtcriony  immunodiffusion  assays  in  4 
of  5  glucose  strengths.  Therefore,  tryptonc  (1%  [w/v])  was  then  used  to  enhance 
SPE  B  production  of  86-858  to  detectable  levels.  The  results  are  recorded  in 
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Figure  8a.  The  inverse  correlation  between  glucose  and  SPE  B  is  most  clearly 
shown  in  Figure  8b.  In  all  trials,  a  significant  drop  in  pH  was  observed. 
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Figure  5a.  Effect  of  protein  enriched  media  on  growth.  pH,  and  toxin  production 
in  T253  cured  T12.  Determination  of  OD  was  used  to  monitor  growth  (top).  The 
trials  represent  1:100  inocula  into  100  ml  of  complete  beef  heart  media  with  or 
without  1%  tryptone  (w/v)  and  grown  at  37®  C  and  7%  CO2.  Standard  and 
tryptone  supplemented  culture  pH  (middle)  and  toxin  production  (bottom) 
patterns  are  shown.  Arrows  indicate  initial  toxin  detection. 
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Figure  5b.  Effect  of  protein  enriched  media  on  growth,  pH.  and  toxin  production 
in  86-858.  Determination  of  OD  was  used  to  monitor  growth  (top).  All  trials 
represent  1:100  inocula  into  100  ml  complete  beef  heart  media  with  or  without 
1%  tryptone  (w/v)  and  grown  at  37°  C  and  7%  CO2.  Standard  and  tryptonc 
supplemented  patterns  of  pH  (middle)  and  SPE  B  production  (bottom)  arc  shown. 
Arrows  indicate  initial  toxin  detection. 
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Figure  5c.  Effect  of  protein  enriched  media  on  growth,  pH,  and  toxin  production 
in  T18P.  Determination  of  OD  was  used  to  monitor  growth  (top).  Alt  trials  used 
1:100  inocula  into  100  ml  complete  beef  hcan  media  with  or  without  1%  tryptone 
(w/v)  and  grown  at  37°  C  and  7%  CO2.  Standard  and  tryptone  supplemented 
patterns  of  pH  (middle)  and  SPE  C  production  (bottom)  arc  shown.  Arrows 
indicate  initial  toxin  detection. 


43 


A 


Figure  6.  Effect  of  glucose  enriched  media  on  growth,  pH,  and  toxin  production  in 
T253  cured  T12.  Determination  of  OD  was  used  to  monitor  growth  (top).  All 
trials  .epresent  1:100  inocula  into  100ml  complete  beef  heart  media  (with 
indicated  glucose  concentrations)  grown  at  37°  C  and  7%  CO2.  Standard  and 
enriched  patterns  of  pH  (middle)  and  SPE  A  production  (bottom)  arc  shown. 
Concentrations  of  glucose  shown  indicate  final  culture  concentrations. 
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Figure  7.  Effect  of  glucose  enriched  media  on  growth,  pH,  and  toxin  production  in 
86-858.  Determination  of  OD  was  used  to  monitor  growth  (top).  All  trials 
represent  1:100  inocula  into  100  ml  complete  beef  heart  media  (with  indicated 
glucose  buffers)  grown  at  37®  C  and  1%  CO2.  pH  patterns  (middle)  and  SPE  B 
production  (bottom)  in  both  standard  and  enriched  media  are  shown. 
Concentration  of  glucose  shown  indicate  final  culture  concentrations. 
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Figure  8a.  Effect  of  glucose  and  tryptone  enrichment  on  growth  and  toxin 
production  in  86-858.  Determination  of  OD  was  used  to  monitor  growth  (top). 
Trials  represent  1:100  inocula  into  100  ml  complete  beef  heart  media  (with 
indicated  glucose  concentrations)  supplemented  with  1%  tryptone  (w/v)  and 
grown  at  37°  C  and  7%  CO2.  SPE  B  patterns  of  production  arc  shown  (bottom). 
Concentration  of  glucose  shown  indicate  final  culture  concentrations. 


Figure  8b.  Western  immunoblot  assay  on  the  effect  of  glucose  and  tryptone 
enrichment  on  SPE  B  production  in  86-858.  Glucose  concentrations  indicated 
reflect  final  culture  concentrations.  Trials  are  identical  to  Figure  8a.  Twenty 
microliters  of  10  limes  concentrated  culture  fluid  was  loaded  per  lane. 
Concentration  of  SPE  B  was  determined  by  Ouchterlony  immunodiffusion  assay: 
control  contained  25  ug/ml  at  24  hours,  experimental  samples  contained  4.8 
ug/ml,  2.4  ug/ml,  1.2  ug/ml.  1.2  ug/ml,  and  1.2  ug/ml  of  toxin  at  24  hours 
corresponding  to  glucose  levels  of  16.7  mM,  33.3  mM,  50  mM,  75  mM,  and  100 
mM  respectively. 
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Temperature  of  media.  Six  cultures  of  T253  cured  T12,  86-858,  and 
NY-5  were  incubated  at  different  temperatures  (25®  C,  37®  C,  and  40®  C)  with  and 
without  the  presence  of  7%  carbon  dioxide.  T253  cured  T12  demonstrated 
reduced  growth  and  a  proportionally  reduced  level  of  toxin  production  at  25®  C 
with  and  without  carbon  dioxide  through  24  hours;  all  other  T253  cured  T12 
cultures  reached  the  standard  toxin  levels  within  10  hours.  86-858  demonstrated 
reduced  growth  and  SPE  B  production  at  24  hours  in  25®  C  and  40®  C.  A  unique 
band  pattern  for  86-858  was  observed  (Figure  9)  in  that  an  extra  band  was  seen  at 
43,000  molecular  weight.  Strain  NY-5  had  a  similar  growth  and  toxin  production 
pattern. 

Oxygen  content  of  media.  To  discern  if  the  concentration  of  oxygen  is 
involved  in  toxin  production,  all  four  strains  were  incubated  at  37®  C  in  either  the 
presence  of  7%  carbon  dioxide  or  aerated  as  described  in  Materials  and  Methods. 
Each  strain  was  compar^j  to  its  standard  (7%  C02)  for  growth  and  toxin 
production  (Figures  10'',  10b,  and  10c).  Aerated  86-858  strain  did  not  produce 
detectable  SPE  B;  '.i.c  rate  of  SPE  A  production  of  T253  cured  T12  was  reduced,  but 
was  compensated  for  by  the  24  hour  sample,  whereas  NY-5  SPE  A  production 
remained  reduced  (data  not  shown). 

A  second  method  was  designed  in  order  to  test  the  effects  of  aeration. 
Bacto-tryptone  was  added  to  enhance  toxin  production.  T253  cured  T12  (Figure 
11)  and  86-858  (Figure  12)  were  run  in  triplicate:  one  culture  in  the  presence  of 
7%  carbon  dioxide,  one  in  stationary  conditions  without  shaking,  and  one  exposed 
to  the  air  while  shaken  (80  cycles/min)  (referred  to  as  aerated).  T253  cured  T12 
aerated  produced  twice  the  amount  of  SPE  A  compared  to  stationary  and  7%  CO2 
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conditions.  Similar  results  were  observed  in  other  experiments  with  NY-5  (data 
not  shown).  Conversely,  86-858  stationary  and  86-858  aerated  resulted  in 
reduced  amounts  of  SPE  B  86-858  incubated  in  7%  CO2. 

pH  of  culture  media.  The  pH  of  the  culture  media  was  adjusted  by 
addition  of  sodium  hydroxide  or  hydrochloric  acid  into  three  ranges:  acidic  (pH 
5.5  to  6.5),  neutral  (pH  6.8  to  7.2),  and  basic  (pH  7.6  to  8.5).  T253  cured  T12 
(Figure  13)  did  not  grow  well  in  an  acidic  environment,  yet  still  produced  a  low 
level  of  SPE  A  in  the  6  hour  sampling;  normal  levels  of  SPE  A  were  achieved  under 
basic  and  neutral  conditions.  Likewise,  86-858  (Figure  14)  showed  reduced 
growth  in  acidic  conditions.  SPE  B  was  not  detected  at  any  time  point  in  cultures 
under  manipulated  pH  conditions. 

Table  1  summaries  the  effects  of  environmental  conditions  on  the  growth 
and  toxin  production  by  the  strains  tested. 


Figure  9.  Effects  of  temperature  on  SPE  B  production  in  86-858.  Trials  represent 
1:100  inocula  into  100  ml  complete  beef  heart  media  grown  as  indicated. 
Apparent  molecular  weight  of  reactive  bands  is  indicated  at  right.  Twenty 
microliters  of  10  times  concentrated  culture  fluid  was  loaded  per  lane. 


Figure  1O2  Effects  of  aeration  on  growth.  pH,  and  toxin  production  in  T753  cured 
T12.  Determination  of  OD  was  used  to  monitor  growth  (top).  Effects  on  pH 
(middle)  and  SPE  A  production  (bottom)  are  shown.  Trials  represent  1:100 
inocula  in  100  ml  complete  beef  heart  media  grown  at  37®  C.  Standard  trials  were 
grown  in  7%  CO2.  Acra'cd  samples  were  placed  on  a  mechanical  shaker  (80 
cycics/min). 
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Figure  I  Ob.  Effects  of  aeration  on  growth,  pH,  and  toxin  production  in  86-858. 
Determination  of  OD  was  used  to  monitor  growth  (top).  Trials  represent  1:100 
inocula  in  100  ml  complete  beef  heart  media  grown  at  37°  C.  Standard  trials 
were  grown  in  1%  CO2.  Aerated  samples  were  placed  on  a  mechanical  shaker  (80 
cycics/min).  Effects  on  pH  (middle)  and  SPE  B  production  (bottom)  arc  shown.  SPE 
B  production  did  not  reach  detectable  level. 
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Figure  10c.  Effects  of  aeration  on  growth.  pH,  and  toxin  production  in  T18P. 
Determination  of  OD  was  used  to  monitor  growth  (top).  Trials  represent  1:100 
inocula  into  100  ml  complete  beef  heart  media  grown  at  37°  C.  Standard  trials 
were  grown  in  7%  CO2.  Aerated  samples  were  placed  on  a  mechanical  shaker  (80 
cycles/min).  Effects  on  pH  (middle)  and  SPE  C  production  (bottom)  are  shown. 
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Effect  of  Aeration  on  Growth 


Effect  of  Aeration  on  pH 


Effect  of  Aeration  on  SPE  C  Production 

0  Aerated 
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Figure  11.  Effect  of  aeration  and  tryptonc  on  growth,  pH,  and  toxin  production  in 
T253  cured  T12.  Determination  of  OD  was  used  to  determine  growth  (top).  Trials 
represent  1:100  inocula  into  100  ml  complete  beef  heart  media  supplemented 
with  1%  tryptone  (w/v)  and  grown  at  37°  C.  Standard  sample  was  grown  in  7% 
C02-  The  aerated  sample  was  exposed  to  air  and  placed  in  a  mechanical  shaker 
(80  cycles/min).  The  stationary  sample  was  exposed  to  the  air  but  not  shaken. 
pH  patterns  (middle)  and  SPE  A  production  (bottom)  arc  shown. 
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Effect  of  Aeration  and  Tryptone  on  Growth 
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Figure  12.  Effect  of  aeration  and  tryptone  on  growth,  pH,  and  SPE  B  production  in 
86-858.  Determination  of  OD  was  used  to  monitor  growth  (top).  Trials  represent 
1:100  inocula  into  100  ml  complete  beef  heart  media  supplemented  with  1% 
tryptone  and  grown  at  37°  C.  Standard  sample  was  grown  in  7%  C02-  Aerated 
sample  was  placed  in  a  mechanical  shaker  (80  cyclcs/min).  Stationary  sample  was 
exposed  to  air  but  not  shaken.  pH  patterns  (middle)  and  SPE  B  production 
(bottom)  arc  shown. 
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Effect  of  Aeration  and  Tryptone  on  SPE  B 


Figure  13.  Effect  of  pH  on  growth  and  toxin  production  in  T253  cured  T12. 
Determination  of  OD  was  used  to  monitor  growth  (top).  Trials  represent  1:100 
inocula  into  100  ml  complete  beef  hean  grown  at  37°  C  and  7%  CO2.  pH  was 
adjusted  with  either  10  N  NaOH  or  12  M  HCl  to  maintain  samples  in  specific 
ranges:  acidic  -  pH  5.5  to  6.5,  neutral  -  pH  6.8  to  7.2,  and  basic  -  pH  7.6  to  8.5. 
Production  patterns  of  SPE  A  arc  shown. 


Figure  14.  Effect  of  pH  on  growth  and  toxin  production  in  86-858.  Determination 
of  OD  was  used  to  monitor  growth  (top).  Trials  represent  1:100  inocula  into  100 
ml  complete  beef  heart  media  grown  at  37®  C  and  7%  CO2.  pH  was  adjusted 
cither  10  N  NaOH  or  12  M  HCl  to  maintain  samples  in  specific  ranges:  acidic  -  pH 
5.5  to  6.5,  neutral  -  pH  6.8  to  7.2,  and  basic  -  pH  7.6  to  8.5.  SPE  B  (bottom)  was 
not  detected  at  any  time  point  under  any  any  pH  condition. 
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Table  1. 

Summary  of  Environmental  Influences  on  SPE  Production. 


iviMl'iliH 

Tryptone 

-H- 

delayed  *  *2  +  + 

nonc^'^ 

Glucose 

+ 

delayed  ' 

1 

NX). 

Glucose  +  Tryptone 

+ 

ND. 

- 

ND. 

Temperature 

varied 

none 

none 

none 

Aeration 

none^ 

dclayed^»2  ,  . 

delayed*^ 

Aeration  +  Tryptone 

-H- 

++ 

- 

ND. 

1%  Carbon  Dioxide 

+ 

none 

4-f 

none 

pH 

varied 

none 

N.D.6 

ND. 

symbols:  +-♦■  =  strongly  positive 

N.D.  = 

not  determined 

+  -  positive 

none  = 

no  effect 

=  negative 

—  =  strongly  negative 

1.  Delayed  production,  but  not  final  level  in  T253  cured  T12. 

2.  Delayed  production  and  final  level  in  NY-5. 

3.  Aeration  had  a  strongly  positive  effect  on  T253  cured  T12. 

4.  SPE  C  was  undetectable  in  NY-5. 

5.  Resuits  standardized  for  growth. 

6.  Further  investigation  required. 


Heterogenicity  of  SPE  B 


In  this  study,  SPE  B  has  Dcen  observed  by  Western  immunoblot  assay  in 

three  forms  which  appear  to  have  the  approximate  molecular  weights  of  43,000, 

40,000,  and  30,000  mw  by  comparison  of  migration  to  standard  markers.  It  has 
been  previously  reported  (45)  that  the  proteolytically  cleaved  form  of  SPE  B 
(estimated  weight  of  27,500  mw  )  migrates  at  approximately  30,000  mw.  In  fact, 
this  observed  shift  in  migration  is  a  common  characteristic  of  all  PTs.  Thus,  this 
third  b,ind  will  be  referred  to  as  the  27.500  mw  band.  Figure  15  contains  a 

composite  of  Wc';tcm  irr.munoblots  which  helps  to  illustrate  the  different  forms. 
The  distribution  of  the  forms  varied  between  experiments;  only  40,000  mw 
forms  arc  observed  in  Figure  2b:  40,000  mw  and  27.500  mw  forms  in  Figures  8b 
and  15;  and  apparently  all  thrc-*  forms  arc  visible  in  Figure  9.  Strong  bands  of  the 
27,500  mw  form  were  typically  observed  in  cultures  where  an  acidic  environment 
of  pH  6.6  or  less  was  achieved. 

Proteinase  Activity 

Representative  proteinase  assays  for  strains  T18P,  NY-5,  and  86-858  arc 

shown  in  Figure  16.  Different  amounts  and  types  of  proteinase  activity  were 
observed,  chiefly;  partial  clearance  or  haze,  complete  clearance,  and  complete 
clearance  within  a  precipitant  ring.  Both  the  amount  and  type  of  proteinase 
activity  changed  during  growth.  The  third  type  of  activity  appears  to  correspond 
with  SPE  B  production.  The  effect  of  pH  on  proteinase  activity  was  observed  and 
recorded  in  Figure  17.  Basic  conditions  produced  the  greatest  proteinase  activity 
and  the  most  complete  cica.'-ancc,  evtn  more  activity  than  the  stock  samples.  In 
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acidic  conditions,  proteinase  activity  was  not  detected  in  the  6,  8.  and  24  hour 
samples.  No  activity  of  the  third  type  and  no  detectable  SPE  B  wus  observed. 
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Figure  15.  Western  immunoblot  assay  of  selected  stationary  phase  86-858 
cultures.  Twenty  microliters  of  each  culture  fluid  was  loaded  per  lane.  The  SPE  B 
control  sample  was  loaded  in  lane  1  and  6.  Lanes  2  and  3  depict  24  hour  samples 
of  the  same  stationary  phase  stock  grown  under  identical  conditions.  Lane  4  is  a 
sample  of  a  24  hour  stationary  phase  stock  culture;  lane  5  is  a  24  hour  sample  of  a 
new  culture  inoculated  with  the  stock  indicated  in  lane  4.  Lanes  7  through  9 
represent  duplicate  24  hour  samples  from  cultures  used  in  the  tryptone 
enrichment  experiment.  Standard  trials  are  represented  in  lanes  7  and  9  while 
tryptone  enriched  samples  arc  shown  in  lanes  8  and  10. 
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Figure  16.  Selected  proteinase  assays  for  strains  86-858,  NY-5,  and  T18P. 

Samples  (15  ul)  were  loaded  in  each  well  on  skim  milk  agarose  slides  (2- 

mcrcaptoethanol  [20  ul/10  ml  agarose],  0.75%  agarose  [w/v],  and  1%  skim  milk 
(w/vj).  Plates  1  and  2  represent  samples  from  the  86-858  tryptone  enrichment 
experiment.  Plates  3,  4,  and  5  represent  samples  from  the  standard  kinetics 

experiment  of  the  indicated  strains.  Time  of  sampling  is  denoted  below  each  well. 


Figure  17.  Effect  of  pH  on  Proteinase  Assays.  Samples  (15  ul)  were  loaded  in  each 
well  on  skim  milk  agarose  slides  (2-mercaptoethanol  [20  ul/10  ml  agarose),  0.75% 
agarose  [w/v],  and  1%  skim  milk  [w/v]).  Samples  represented  correspond  to  those 
in  Figure  14.  Plate  4  contains  duplicate  stationary  phase  stock  samples  (STK). 
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Separation  of  SPE  B  from  Proteinase  Activity. 

In  both  strains  86*858  and  T18P,  the  ammonium  sulfate  samples 
accumulated  a  larger  amount  of  precipitate  compared  to  the  ethanol  treated 
samples.  The  results  of  toxin  and  proteinase  assays  from  the  isoelectric  focusing 
fractions  are  shown  in  Figure  18a  and  18b.  Proteinase  activities  are  displayed  for 
the  lEF  fractions  of  86-858  EtOH  and  T18P  (Figure  19).  T18P  clearly  demonstrates 
complete  clearance  with  a  surrounding  opaque  ring  yet  does  not  make  detectable 
SPE  B.  Cloned  713  SPE  B  (500  ug/ml),  86-858  A.  S.  fraction  10  (96  ug/ml  SPE  B), 
and  86-858  EtOH  fraction  10  (less  than  6  ug/ml  SPE  B)  were  concurrently  tested 
for  proteinase  activity  (Figure  20).  86-858  EtOH  sample  exhibited  slightly  more 

proteinase  activity  than  did  713  cloned  SPE  B.  From  86-858  fractions  10  and  14 
and  from  T18P  fractions  4  and  10  were  selected  for  HPLC  separation.  Peak 
similarities  are  shown  in  Table  2.  Values  reported  in  the  columns  labelled  "SPE  B" 
and  "proteinase  activity"  were  determined  prior  to  HPLC  separation.  Proteinase 
and  Ouchterlony  assays  were  performed  on  the  collected  HPLC  peaks;  all  peaks 
were  negative  for  proteinase  and  SPE  B.  Peak  samples  were  then  lyophilized  and 
brought  up  to  lOOx  concentration.  These  samples  were  tested  again:  no  positive 
activity  was  found. 
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Figure  18a.  Isoelectric  focusing  of  86-838.  Identical  cultures  of  86-838  were 
partially  purified  by  two  methods:  ethanol  precipitation  (identified  as  86-838 
EtOH)  and  ammonium  sulfate  (80%)  precipitation  (identified  as  86-838  A.S.). 
Samples  were  subjected  to  lEF  across  a  pH  gradient  of  3.3  to  10.  Fractions  were 
collected.  SPE  B  concentration  (ug/ml)  and  proteinase  activity  (mm)  were  assayed 
for  86-858  EtOH  (top)  and  ammonium  sulfate  (bottom).  Fractions  are  numbered 
(1  =  acidic  to  15  =  basic). 
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SPE  B  Concentration  (ug/ml)  SPE  B  Concentration  (ug/ml) 


Proteinase  Activity  (mm)  Proteinase  Activity  (mm) 


Figure  18b.  Isoelectric  focusing  of  T18P.  Identical  cultures  of  T18P  were  partially 
purified  by  two  methods:  ethanol  precipitation  (identified  as  TI8P  EtOH)  and 
ammonium  sulfate  (80%)  precipitation  (identified  as  T18P  A.S.).  Samples  were 
subjected  to  lEF  across  a  pH  gradient  of  3.5  to  10.  Fractions  were  collected.  SPE  B 
concentration  (ug/ml)  and  proteinase  activity  (mm)  were  assayed  for  T18P  EtOH 
(top)  and  ammonium  sulfate  (bottom).  Fractions  arc  numbered  (1  =  acidic  to  15  = 
basic). 


SPE  B  Concentration  (ug/ml)  SPE  B  Concentration  (ug/ml) 


T18P  Eton 


Figure  19.  Distribution  of  type  and  degree  of  proteinase  activity  after  isoelectric 
focusing.  Samples  (15  ul)  were  loaded  in  each  well  of  skim  milk  agarose  slides  (2- 
mercaptocthanol  (20  ul/10  ml  agarose],  0.75%  agarose  [w/v],  and  1%  skim  milk 
[w/v]).  Proteinase  activities  arc  displayed  for  the  lEF  fractions  of  86-858  EtGH 
(top)  and  T18P  (bottom).  Fractions  are  numbered  (1  =  acidic  to  15  =  basic)  below 
each  well.. 


85 


Figure  20.  Comparison  of  SPE  B  concentration  to  proteinase  activity.  Proteinase 
activity  of  713  cloned  SPE  B  from  E.  coli  (500  ug/ml),  86-858  EtOH  fraction  10  (less 
than  6  ug/ml  SPE  B),  and  86-858  A.  S.  fraction  10  (96  ug/ml  SPE  B)  arc  shown. 
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713 

Cloned 

SPEB 


86-858 

EtOH 

fraction  10 


86-858 

A.S. 

fraction  10 


Table  2. 


Summary  of  HPLC  Purification  of  Selected  86-858  and  T18P 

Proteinase^  HPLC  Elution  Peaks^ 


Activity 

SPE  Bb 

#1  #2 

#3 

#4 

#5 

#6 

713  SPE  B 

5.0 

500 

12  32 

33 

3  6 

3  9 

86-858 

EtOH  #10 

2.0 

.d 

36 

3  9 

A.  S.  #10 

4.0 

96 

30 

31 

36 

38 

43 

86-858 

EtOH  #14 

0.1 

12 

31 

36 

39 

A.  S.  #14 

4.0 

384 

29 

31 

35 

38 

43 

T18P 

EtOH  #  4 

1.0 

- 

34 

3  6 

A.  S.  #4 

0.1 

- 

9 

36 

38 

4  1 

T18P 

EtOH  #10 

0.1 

- 

37 

3  8 

A.  S.  #10 

3.0 

- 

36 

39 

43 

a.  Proteinase 

activity 

detected  on 

skim  milk 

agarose  slides. 

Values 

are  reported  as  mm  of  clearance. 


b.  Concentration  of  SPE  B  determined  by  Ouchterlony  immuno¬ 
diffusion  assay  and  reported  as  ug/ml. 

c.  Peaks  reported  as  ml  of  elution.  Bold  print  indicates  strongest 

peak(s)  in  sample. 

d.  Negative  result  (  i.e.  <  6  ug/ml). 


DISCUSSION 


Since  the  first  description  in  the  mid  1920s  by  Dick  and  Dick  (23).  three 
scrotypically  distinct  streptococcal  pyrogenic  exotoxins  (SPEs)  have  been  isolated, 
characterized,  and  sequenced:  SPE  A  (5,49,80,110),  SPE  B  (49,104,110),  and  SPE 
C  (6,4,35,110).  Their  proposed  involvement  with  streptococcal  illnesses  such  as 
rheumatic  fever,  scarlet  fever,  and  toxic  shock-like  syndrome  (TSLS) 
(19,30,66,103)  underscores  the  clinical  significance  of  the  production  of  these 
extracellular  proteins.  Moreover,  recent  molecular  epidemiological  studies  (116) 
have  confirmed  previous  work  from  this  laboratory  (43,44)  which  found  that 
nearly  100%  of  the  group  A  streptococcal  isolates  probed  contained  the  gene 
encoding  SPE  B  (speB),  yet  only  50%  expressed  SPE  B  (43,44,116).  Also,  studies 
have  failed  to  show  a  1:1  correlation  between  speA  and  SPE  A  (44).  This  research 
sought  to  establish  basic  knowledge  of  environmental  stimuli  which  act  upon 
exotoxin  production  in  order  to  form  a  foundation  for  further  molecular  studies  of 
SPE  regulation. 

Considering  that  streptococci  are  non-motile  and  thus  unable  to  move 
toward  favorable  or  away  from  harmful  surroundings,  the  bacteria  must  be  able  to 
quickly  respond  to  environmental  changes  if  they  are  to  survive.  Also,  group  A 
streptococci  are  pathogens  of  humans  only  and  thus  typically  find  themselves  in 
what  is  perceived  to  be  a  hostile  environment.  It  is,  therefore,  reasonable  to 
postulate  that  exotoxin  production  may  be  influenced  by  or  respond  to 
environmental  conditions.  Earlier  work  (17,24,33,50,76,104)  reported  a  variety 
of  isolated  conditions  and  observations  which  provided  a  source  of  parameters  for 
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this  study.  In  order  to  identify  trends  in  toxin  production  which  were  a  result  of 
experimental  environmental  manipulations,  it  was  necessary  to  first  establish  the 
"normar  parameters  o^  toxin  production  within  laboratory  strains  (T253  cured 
T12,  86-858.  T18P.  and  NY-5). 

T253  cured  T12  (M  type  25)  produces  detectable  SPE  A,  but  not  SPE  B  or 
SPE  C.  Figure  la  shows  both  methods  of  monitoring  growth:  colony  forming  units 
(CPUs)  and  optical  density  (OD)  at  655  nm.  Since  the  two  methods  correlate  well, 
the  OD  method  established  by  Cohen  (17)  was  used  throughout  this  study  because 
it  was  less  prone  to  error.  Houston  and  Ferretti  (51)  have  reported  SPE  A 
rcgulaticn  to  be  constitutive.  If  SPE  A  production  is  constitutive  (i.c.  always  on), 
then  toxin  level  is  determined  chiefly  by  the  number  of  viable  cells  and  the  length 
of  time  they  arc  allowed  to  grow.  That  is  to  say,  the  more  viable  cells  present,  the 
more  SPE  A  should  be  produced.  However,  SPE  A,  in  this  study,  was  not  detected 
until  late  log  phase  regardless  of  the  length  of  lag  phase  during  trial.  For  example, 
trial  B  in  Figure  la  demonstrated  a  long  lag  phase  in  growth  and  SPE  A  was  not 
detected  until  the  12  hour  sample  which  represented  the  end  of  log  phase  and  the 
peak  of  growth.  Moreover,  trial  A  grew  10  fold  better  than  trial  B,  achieving  8  X 
lO'^  CPUs  at  8  hours,  yet  SPE  A  was  still  not  detected  until  late  log  phase  (12  hour 
sample).  This  argues  against  the  accumulation  of  toxin  simply  due  to  growth  or 
number  of  viable  ccMs.  Other  experiments  showed  SPE  A  being  detected  as  early 
as  6  hours  after  inoculation  which  argues  against  the  accumulation  of  toxin  simply 
as  a  process  occurring  over  time.  Consistent  with  previous  repons  (51),  once 
stationary  phase  of  growth  has  been  reached,  the  level  of  SPE  A  plateaus;  this  level 
was  found  to  be  2.4  ug/ml  SPE  A  in  T253  cured  T12.  Taken  together,  thc.se 
observations  suggest  that  SPE  A  is  positively  regulated  during  late  log  phase,  when 
the  bacterium  begins  to  be  stressed  or  nutrient  starved,  and  negatively  regulated 
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during  the  shift  to  stationary  phase,  when  the  bacterium  is  clearly  stressed  and 
nutrient  starved. 

86-858  (M  type  12)  produces  SPE  B,  but  not  SPE  A  or  SPE  C.  SPE  B 
production  corresponds  to  late  log  phase  growth  as  detected  by  Ouchterlony 
immunodiffusion  assay  (Figure  3)  and  seen  on  a  representative  Western 
immunoblot  assay  (Figure  4).  Unlike  SPE  A,  the  concentration  of  SPE  B  continued 
to  increase  while  bacteria  were  in  stationary  growth,  reaching  a  stable,  final 
concentration  by  24  hours.  These  observations  indicate  that  SPE  B  is  positively 
regulated  as  the  bacterium  is  well  into  stationary  phase  in  response  to 
environmental  conditions  which  limit  growth. 

For  the  experiments  with  SPE  C,  strain  T18P  (M  type  18),  which  produces 
only  SPE  C,  was  selected.  Initial  results  were  inconsistent  and  the  source  of  the 
problem  apparently  was  the  antisera.  The  reliability  of  the  rabbit  antisera 
against  SPE  C  used  in  this  study  is  uncertain;  duplicate  assays  often  resulted  in 
different  results.  Consistent  nositive  detection  of  SPE  C  could  only  be  achieved 
down  to  a  concentration  of  20  ug/ml  of  control  SPE  C.  To  overcome  the  sensitivity 
problem,  potentially  SPE  C  positive  samples,  typically  the  24  hour  samples,  were 
selected  and  concentrated  an  additional  5  or  10  fold  resulting  in  50x  or  lOOx 
solutions.  In  the  kinetics  experiments.  SPE  C  was  only  detected  at  24  hours  using 
lOOx  samples  for  Ouchterlony  immunodiffusion  assays.  Since  the  gene  encoding 
for  SPE  C  is  carried  on  a  bacteriophage  (18,55)  like  SPE  A,  it  is  easy  to  postulate 
that  they  arc  regulated  in  the  same  manner.  Initial  experiments  with  T18P 
supported  the  parallel  model  of  SPE  C  and  SPE  A  and  thus  only  limited 
experiments  were  done  with  the  T18P  strain. 

NY-5  was  selected  in  order  to  compare  SPE  production  in  a  strain  which 
produces  multiple  SPEs.  NY-5  has  been  shown  to  produce  more  SPE  A  than  SPE  B 
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or  SPE  C  (50,104,110).  To  overcome  the  inherent  weak  production  of  SPE  B  and 
SPE  C,  the  samples  were  concentrated  an  additional  5  or  10  fold  which  quickly 
exhausted  the  samples,  thus  again  limiting  the  number  of  duplicate  assays  which 

could  be  done  on  each  of  the  SPEs.  Priority  of  usage  favored  SPE  A  and  SPE  B  due 

to  the  unreliability  of  SPE  C  antisera.  During  the  trials,  the  NY-S  strain  exhibited 
two  different  types  of  culture  pH  patterns  (Figures  4a  and  4b).  In  one  pattern,  the 
pH  of  the  culture  did  not  drop  below  6.8,  whereas,  in  the  other  pattern,  a  drop  in 
pH  of  6.4  and  below  occurred.  The  trials  with  the  more  neutral  pattern  produced 
roughly  twice  the  amount  of  SPE  A  as  did  the  acidic  pattern.  The  earlier  observed 

plateau  effect  was  evident;  SPE  A  concentration  leveled  off  once  stationary  phase 

was  achieved.  Interestingly,  the  relative  amount  of  SPE  B  produced  by  the 
bacteria  did  not  correlate  proportionately  to  the  amount  of  SPE  A  between  trials, 
suggesting  that  the  two  toxins  are  under  different  regulatory  control. 

Larger  inocula  volumes  were  tested  in  order  to  achieve  higher  toxin  yields 
and  to  distinguish  if  the  final  toxin  level  or  plateau  effect  was  simply  the 
accumulation  of  toxin  over  time  or  if  the  phenomenon  was  linked  to  the  growth 
phase  of  the  bacteria.  The  assumption  of  the  experiment  was  this:  if  the  amount 
of  toxin  produced  was  dependent  upon  the  number  of  viable  streptococci  per  unit 
time,  as  would  be  expected  from  a  constitutively  regulated  system,  then  increasing 
the  inocula  volume  from  the  stationary  phase  stock  culture  should  result  in  an 
increase  in  toxin  production  at  24  hours.  However,  if  toxin  production  is 
triggered  as  a  response  to  a  limiting  factor  in  the  media,  (i.e.  when  bacterial 
growth  enters  stationary  phase),  equal  volumes  of  identical  media  will  result  in 
the  same  level  of  toxin  regardless  of  inocula.  Furthermore,  since  the  given  volume 
of  media  can  only  support  a  finite  number  of  bacteria,  larger  inoculum  sizes 
should  reach  stationary  phase  before  smaller  inocula.  This  was  illustrated  in 
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strain  86-858  where  2ml,  3ml,  and  Sml  of  inocula  were  added  to  100ml  of  fresh 
complete  beef  heart  media.  These  cultures  were  designated:  2:100,  3:100,  and 
5:100  respectively.  Each  case  resulted  in  a  final  concentration  of  1.2  ug/ml  SPE  B 
at  24  hours.  The  sequential  increase  of  SPE  B  initially  detected  by  Ouchterlony 
immunodiffusion  assay  is  apparent.  The  5:100  sample  was  detected  at  4  hours, 
3:100  at  6  hours  and  the  2:100  at  8  hours.  The  plateau  effect  of  the  media  is  also 
evident.  Similar  results  were  found  with  T253  cured  T12  and  NY -5.  The  data 
suggest  that  inocula  volume  does  not  have  an  effect  on  the  quantity  of  toxin 
produced,  but  rather  that  growth  phase  of  the  culture  is  involved  with  the 
initiation  of  toxin  production. 

The  plateau  effect  observed  with  larger  inocula  suggests  that  a  component 
in  the  media  may  be  limiting  and  thus  inducing  stress  on  the  bacteria  in  the  late 
log  phase.  The  addition  of  nutrients  may  delay  the  introduction  of  stress  that  may 
be  affecting  toxin  production.  The  effect  of  neopeptone  (Difeo)  on  streptococcal 
growth  and  proteinase  synthesis  had  been  described  by  Cohen  (17).  The  effect  of 
bacto-tryptone  was  reported  by  Elliott  and  Dole  in  1947  (25).  In  this  study,  bacto- 
tryptone  (Difeo)  was  selected  to  supplement  the  culture  media  because  its 
composition  as  reported  in  the  Difeo  manual  is  similar  to  neopeptone,  yet  is  more 
basic  (pH  7.2)  in  a  1%  solution  than  is  ncopeptone  (pH  6.8).  Furthermore,  bacto- 
tryptone  (referred  to  as  tryptone)  had  been  previously  used  at  this  laboratory  to 
facilitate  staphylococcal  and  streptococcal  strain  growth.  The  .  1%  tryptone 
enrichment  of  the  media  caused  a  longer  lag  in  growth  in  ail  strains  (Figures  5a, 
5b,  and  5c)  followed  by  a  rapid  and  more  extensive  growth  than  the  standard 
culture.  An  example  of  the  effect  of  tryptone  enriched  media  on  SPE  B  production 
in  86-858  is  shown  by  Western  immunoblot  in  Figure  2b. 
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SPE  A  levels,  whether  from  T253  cured  T12  or  NY-5,  when  tryptone 
enriched,  were  lower  than  standard  in  cultures  throughout  growth,  suggesting  a 
decrease  in  the  rate  of  toxin  production.  In  T253  cured  T12,  this  reduction  was 
compensated  for  oy  the  24  hour  time  point.  Since  the  tryptone  enriched  culture 
grew  decisively  better  than  the  standard  culture,  the  observed  recovery  in 
production  rate  may  be  a  byproduct  of  more  growth.  In  fact,  if  the  amount  of  SPE 
A  is  standardized  for  growth,  an  overall  decrease  in  SPE  A  production  results 
which  is  similar  to  that  seen  in  NY-S.  The  tremendous  growth  of  the  enriched 
culture  may  have  masked  the  effect  of  tryptone  on  SPE  A  production,  however. 
Due  to  the  plateau  effect  previously  observed,  SPE  A  production  may  reach  a 
threshold  concentration  and  induce  negative  regulatory  effects.  In  this  case, 
extent  of  growth  is  irrelevant,  and  the  tryptone  did  not  affect  toxin  production.  A 
clear  picture  cannot  be  drawn  from  this  experiment  alone. 

SPE  B  production,  on  the  other  hand,  increased  in  both  86-858  and  NY-5 
resulting  in  2  and  4  fold  more  SPE  B,  respectively,  at  24  hours.  In  86-858,  SPE  B 
was  also  detected  earlier  in  growth  than  in  the  standard  culture,  but  this  may 
reflect  the  difference  in  speed  of  growth  of  the  two  cultures.  The  overall  increase 
of  SPE  B  in  the  culture,  however,  was  not  proportional  to  the  improved  growth. 
This  implies  that  tryptone  positively  stimulated  an  unknown  regulation  system 
resulting  in  the  obsen'ed  increase.  An  unknown  negative  regulation  mechanism 
apparently  functions  to  normalize  SPE  B  production,  because  the  enriched  culture 
also  demonstrated  a  plateau  effect  in  SPE  B  concentration,  albeit  at  a  higher  level. 

In  T18P,  SPE  C  production  reached  detectable  levels  at  10  hours  with  1% 
tryptone,  whereas,  in  the  standard  culture,  24  hours  were  required.  Like  the 
pattern  observed  with  SPE  A,  the  final  level  of  SPE  C  was  equal  (0.12  ug/ml)  in 
both  standard  and  tryptone  enriched  cultures.  This  similarity  supports  the 
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postulate  that  SPE  A  and  SPE  C  may  be  regulated  in  the  same  fashion.  The 
apparent  enhancement  of  toxin  production  by  tryptone  proved  to  be  a  useful  tool 
in  later  experiments. 

Early  studies  in  the  1930s  with  scarlet  fever  toxins  (49,50,76)  (which  were 
shown  to  be  identical  to  the  SPEs  [94])  reported  that,  by  adding  glucose  as  a  source 
of  fermentable  energy  directly  to  the  media,  bacteria  growth  was  enhanced  and, 
therefore,  toxin  production  increased.  In  strain  NY-S,  Hooker  and  FoUensby  also 
noted  that  the  addition  of  2%  glucose  did  not  effect  SPE  A  production,  but  that  SPE 
B  was  not  detected  after  8  hours  (49).  Experiments  were  therefore  designed  in 
order  to  quantify  this  reported  effect  using  the  strong  toxin  producing  strains  of 
T253  cured  T12  and  86-858. 

The  first  attempt  to  enrich  for  glucose  simply  involved  increasing  the 
volume  (5ml,  10  ml,  20  ml,  30  ml,  and  50  ml)  of  the  glucose-buffer  added  prior  to 
inoculation.  Alterations  in  the  toxin  production  pattern  of  both  strains  tested 
(T253  cured  T12  and  86-858)  were  observed  in  conjunction  with  an  increase  in 
glucose  buffer.  The  samples  which  contained  30  mi  and  50  ml  of  glucose  buffer  in 
both  strains  demonstrated  an  extensive  lag  in  growl...  The  T253  cured  T12 
cultures  did  however  make  toxin  during  late  log  phase.  The  86-858  cultures  did 
not.  This  procedure  produced  two  inconsistencies;  first,  the  concentrations  of 
secondary  salts  from  the  buffer  were  not  constant  between  cultures;  secondly,  the 
increase  of  additive  volume  affected  the  inocula  ratio.  As  the  amount  of  glucose 
buffer  added  changed  the  inocula  ratio,  the  expected  delay  in  toxin  detection  was 
observed.  Moreover,  the  apparent  dilution  effect  only  reinforced  the  previous 
experiment  in  which  inocula  volumes  were  increased.  However,  the  recovery  of 
SPE  A  production  in  T253  cured  T12  suggests  that  ion  concentration  in  the  media 
does  not  have  regulatory  influence  upon  SPE  A.  In  fact,  the  observation 
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corresponds  to  the  lack  of  effect  of  metal  ion  concentration  on  A  production 
reported  earlier  (51).  The  lack  of  recovery  of  SPE  B  in  86-85)s  iuj'  .sts  *hat  ion 
concentration  may  also  influence  SPE  B  production,  however.  :l>is  asne was  not 
further  pursued. 

New  buffers  were  made  which  varied  only  in  the  cnc‘.nlr..  'ot/  ....  glucose. 
The  glucose  concentration  in  the  buffers  was  0.33  M.  0.67  M,  1.0  1.3  M.  and 

2.0  M  which  resulted  in  a  final  sample  concentration  of  16.7  .t.  >,  33.3  mM.  SO 
mM,  75  mM.  and  100  mM  glucose.  This  equates  to  0.3%.  0.6%,  0.9%,  1.4%,  and 
1.8%  respectively.  2%  glucose  had  been  demonstrated  as  being  in  excess 
(49,76,104).  As  shown  in  Figure  6,  T253  cured  T12  grew  equally  well  in  all 
buffers  without  the  lag  previously  observed,  thus  supporting  the  premise  that 
dilution  was  the  main  cause  of  the  lag.  The  pH  of  the  cultures  became  drastically 
more  acidic,  presumably  from  the  production  of  lactic  acid,  with  increasing 
amounts  of  glucose,  but  standard  SPE  A  levels  were  achieved  by  24  hours.  This 
suggests  that  SPE  A  production  and  culture  growth  through  the  24  hour  sampling 
were  not  affected  by  the  acidic  environment  or  by  glucose  concentration.  The 
production  of  SPE  B  in  86-858  (Figure  7)  was  reduced  under  the  same  conditions 
to  undetectable  levels  by  the  standard  Ouchtcrlony  immunodiffusion  assay.  To 
enhance  SPE  B  production,  the  culture  media  used  for  the  second  86-858  trial  was 
supplemented  with  1%  tryptone.  The  86-858  strain  in  the  tryptone  enriched 
media  demonstrated  a  pattern  of  decreasing  SPE  B  production  (Figure  8a)  which 
correlated  to  the  increase  of  glucose  in  the  media.  This  pattern  is  clearly  seen  on 
a  Western  immunoblot  assay  (Figure  8b)  even  at  24  hours  which  is  typically  the 
production  peak  in  strain  86-858.  The  results  from  these  experiments  indicate 
that  SPE  A  production  is  not  effected  by  g'ucose  concentration,  but  that  SPE  B 
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production  is  greatly  reduced,  even  with  the  addition  of  tryptone  which  has  been 
shown  to  enhance  SPE  B  elaboration. 

Temperature  of  the  culture  media  during  incubation  was  tested  for  its 
effect  on  toxin  production.  Temperatures  were  selected  to  represent  potential 
environments  ercountered  by  the  bacteria:  25®  C  corresponds  to  environments 
outside  the  host;  37®  C  to  environments  within  the  host;  and  40®  C  to  the  upper 
limit  of  streptococcal  viability  during  fever  within  the  host.  These  temperature.® 
are  similar  to  those  used  by  Houston  and  Ferretti  (51). 

Even  though  the  range  of  temperatures  produced  varying  degrees  of  growth 
in  each  strain,  the  conesponding  toxin  levels  proportionately  responded  to  the 
changes  in  growth.  This  suggests  that  temperature  has  no,  effect  on  toxin 
production  which  is  dis'.inguishable  from  growth.  During  this  experiment,  two 
interesting  ob.servations  were  made.  First,  three  bands  reacted  with  antisera 
against  SPE  B  in  the  86-858  temperature  trial  (Figure  9).  These  bands  apparently 
correspond  to  the  three  possible  forms  for  SPE  B  (43,000,  40,000,  and  27,500mw). 
The  observation  is  more  fully  discussed  later  in  this  section.  Secondly,  some 
variation  in  toxin  production  was  exhibited  between  the  stationary  non-C02 
cultures  and  those  in  1%  carbon  dioxide.  This  indicated  a  potential  involvement 
of  oxygen  or  carbon  dioxide  and  warranted  further  investigation. 

The  apparent  effect  of  7%  carbon  dioxide  on  growth  and  toxin  production 
compared  to  aerated  conditions  was  studied.  First,  identical  cultures  of  all  strains 
were  incubated  at  37®  C  in  7%  carbon  dioxide  or  aerated  by  mechanical  shaking. 
The  effect  of  aeration  on  growth  and  toxin  production  (Figure  10a,  10b,  and  10c) 
were  compared  to  a  standard  control  trial  of  each  strain.  All  strains  except  T253 
cured  T12  grew  as  well  in  aerated  conditions  as  in  carbon  dioxide.  T253  cured 
T12  grew  markedly  better  aerated  than  under  carbon  dioxide.  The  apparent 
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equality  of  SPE  A  production  in  T253  cured  T12  (Figure  10a)  at  26  hour  sampling 
is  due  to  the  extensive  growth  of  the  culture  under  aerated  conditions.  Both  SPE  A 
and  SPE  B  production  in  all  strains  was  reduced  in  aerated  conditions  as  compared 
to  standard  7%  carbon  dioxide.  Even  SPE  C  production  in  T18P  (Figure  10c) 
showed  a  decrease  of  toxin  production.  This  suggests  that  oxygen  may  negatively 
influence  the  production  of  all  three  SPEs. 

To  further  distinguish  the  effects  of  oxygen  and  carbon  dioxide  on 
streptococci,  three  identical  cultures  were  incubated  at  37°  C;  one  in  7%  carbon 
dioxide,  one  in  stationary  non-C02  conditions,  and  one  aerated  on  a  mechanical 
shaker.  To  enhance  toxin  production,!??)  tryptone  was  added  to  the  cultures.  In 
T253  cured  T12  (Figure  11),  the  aerated  sample  grew  better,  maintained  a  more 
neutral  pH,  and  produced  more  SPE  A  than  under  stationary  non-C02  conditions 
or  in  7%  carbon  dioxide.  The  7%  carbon  dioxide  sample  grew  slightly  better  than 
samples  in  stationary  non-C02  conditions,  yet  produced  equivalent  amounts  of 
SPE  A;  this  implies  that  carbon  dioxide  has  no  effect  on  SPE  A  production.  Similar 
results  were  obtained  for  SPE  A  in  NY-5.  In  86-858  (Figure  12),  the  aerobic 
culture  grew  better  and  maintained  a  more  neutral  pH,  but  still  produced  less  SPE 
B  than  under  7?c  carbon  dioxide.  The  86-858  culture  under  stationary  non-C02 
conditions  also  produced  minimal  amounts  of  SPE  B.  Uniquely,  the  combination  of 
aeration  and  tryptone  in  86-858  did  not  result  in  enhanced  toxin  production  as 
was  seen  in  T253  cured  T12;  this  supports  the  postulate  that  SPE  A  and  SPE  B 
could  be  under  different  regulatory  mechanisms.  Funhermore,  when  compared  to 
stationary  non-C02  conditions,  CO2  substantially  enhances  SPE  B  production. 
From  this  experiment,  it  is  suggested  that  oxygen  and  tryptone  apparently  work 
synergistically  to  positively  regulate  SPE  A  production,  whereas  carbon  dioxide 
and  tryptone  apparently  work  in  unison  to  positively  regulate  SPE  B  production. 
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Since  several  patterns  of  culture  pH  had  been  observed  in  the  previous 
experiments,  the  effect  of  the  pH  of  the  culture  media  was  studied  by  adjusting 
the  pH  into  three  ranges  during  growth:  acidic  (pH  5.5  to  6.5),  neutral  (pH  6.8  to 
7.2),  and  basic  (pH  7.6  to  8.5).  Previous  studies  (76)  reported  that  a  neutral  pH 
was  optimum  for  growth.  Others,  however,  have  suggested  that  an  acidic 
environment  is  best  for  toxin  production  (32).  To  determine  the  effect  of  each 
range,  three  identical  cultures  were  adjusted  to  the  appropriate  pH  range  and 
incubated  at  37°  C  under  7%  carbon  dioxide.  In  a  separate  experiment,  it  was 
determined  that  the  pH  of  media  alone  under  1%  CO2  would  only  drop  from  pH 
7.8  to  7.2  in  24  hours;  therefore,  the  drastic  drops  in  pH  were  due  primarily  to 
bacterial  growth.  In  T253  cured  T12  (Figure  13),  the  basic  and  neutral  cultures 
grew  and  expressed  SPE  A  equivalently.  The  decrease  in  growth  and  subsequent 
toxin  expression  in  the  acidic  culture  was  expected  since  it  is  known  that,  as 
streptococci  grow,  the  pH  of  the  culture  drops  and,  if  the  media  is  acidic,  the 
growth  of  the  culture  will  be  limited  (49,76,104).  In  86-858  (Figure  14),  the 
highest  growth  was  seen  in  basic  conditions,  while  acidic  conditions  demonstrated 
markedly  reduced  growth.  From  previous  experiments,  it  was  expected  that  SPE  B 
production  would  be  lower  in  cultures  under  acidic  conditions  as  compared  to 
more  neutral  conditions  (as  seen  in  Figures  2a,  4a.  5b,  and  7).  Surprisingly,  in  pH 
manipulated  conditions  (Figure  14)  SPE  B  was  not  detected  in  any  of  the  cultures, 
even  after  concentrating  the  sample  to  lOOx.  To  compensate,  1%  tryptone  was 
added  to  the  cultures  to  enhance  SPE  B  production.  Unfortunately,  the  tryptone 
enriched  cultures  grew  so  quickly  that  the  pH  ranges  were  not  maintained  or  that 
the  extreme  growth  required  a  large  volume  of  concentrated  reagents  which  lysed 
bacteria.  When  less  concentrated  reagents  were  used,  the  additional  volume 
required  to  pH  adjust  the  media  altered  the  overall  inocula  ratio  in  the  culture. 


This  change  shifted  tiie  growth  cycle  of  the  individual  cultures  and  decreased  the 
validity  of  direct  comparisons  between  the  cultures.  Repeated  attempts  to  grow 
three  cultures  of  86-858  side  by  side  failed  and  the  partial  data  varied  due  to  the 
differing  culture  volumes.  Therefore,  the  effect  of  pH  on  SPE  B  production  was  not 
assessed.  SPE  A  production,  however,  appears  not  to  be  effected  by  pH. 

Although  regulation  mechanisms  of  SPE  production  have  not  yet  been  fully 
characterized,  a  considerable  amount  of  research  has  been  directed  toward  the 
regulation  of  most  of  the  other  PTs  (5,6,43,71,75,81,85,86).  A  common 
observation  concerns  the  regulation  of  differing  staphylococcal  exoprotcins  by  the 
accessory  gene  regulator  (agr)  locus  (61.85).  The  agr  locus  has  been  reponed  to 
positively  regulate  the  production  of  hemolysins  (alpha,  beta,  and  delta),  SEB,  SEC, 
SED.  and  TSST-1  and  to  negatively  regulate  protein  A  and  coagulasc  elaboration, 
yet  has  no  effect  on  SEA  (61,71,84,85).  it  has  been  postulated  that  agr  exercises 
an  action  similar  to  a  two  component  system,  and  a  model  of  regulation  has  been 
suggested  (71).  Briefly,  as  the  bacteria  experience  a  decline  in  exponential 
growth,  a  signal  is  generated  and  then  transmitted  through  multiple  transducing 
components  and  finally  results  in  the  production  of  RNA  III  which  has  been  shown 
to  directly  regulate  cxoprotcin  expression  (71).  This  product  of  agr,  RNA  111,  was 
reported  to  be  a  transacting.  DNA  binding  molecule  which  regulates  exoprotein  at 
the  level  of  transcription  (84.85).  This  model  was  supported  by  further  studies 
(5,71)  which  identified  DNA  binding  sites  near  the  location  of  transcription 
initiation.  Interestingly,  agr  has  been  shown  to  influence  cloned  SPE  A  production 
in  Staphylococcus  aureus  (54). 

Another  common  mode  of  regulation  is  catabolitc  repression.  (n  general, 
when  bacteria  arc  grown  in  standard  media  in  which  the  amount  of  glucose  is 
limiting,  a  signal  is  produced  which,  through  multiple  transduction  and  activator 
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molecules,  typically  cyclic  AMP  and  CAP,  promotes  the  transcription  of  necessary 
genes  for  catabo'ism  or  other  functions.  The  presence  of  high  concentrations  of 
glucose  decreases  the  amount  or  availability  of  the  signal  molecules  which  in  turn 
decreases  the  transcription  of  the  regulated  genes.  This  form  of  negative 
regulation  has  been  shown  to  effect  the  production  of  SEA,  SEE,  and  SEC  (71, 
84,85)  and  the  amount  of  steady-state  mRNA  in  SEC  (86).  In  E  coli,  the  catabolite 
repression  system  depends  on  cyclic  AMP  and  the  catabolite  gene  activator 
protein  (CAP)  (71,84,86),  but  a  cyclic  AMP  independent  repression  system  has 
been  suggested  for  Staphylococcus  aureus  (86)  since  staphylococci  do  not  appear 
to  have  cyclic  AMP.  The  method  of  catabolite  repression  in  streptococci  is  not  well 
defined. 

A  mode  of  SPE  production  regulation  can  be  hypothesized  from  the  kinetics 
experiments  and  a  summary  of  environmental  influences  on  elaboration  (Table 
1).  It  has  been  observed  that  SPE  A  is  detected  in  late  log  phase  and  that 
production  ceases  as  the  culture  enters  stationary  phase.  On  the  other  hand,  SPE 
B  is  detected  in  late  log  phase  and  production  continues  until  stationary  phase  is 
well  established.  The  switch  near  late  log  phase  to  turn  on  toxin  production 
corresponds  to  the  c,xpcctcd  pattern  if  regulated  by  agr,  but  the  continued 
expression  of  SPE  B  well  into  stationary  phase  docs  not  fit  the  pattern.  This 
regulatory  effect  of  agr  could  be  easily  assayed  by  the  introduction  of  cloned  SPEs 
into  agr~  and  agr*  bacteria.  The  rc.sults  under  similar  conditions  used  in  this 
study  would  directly  test  the  hypothesis  of  agr  regulation.  Studies  have  shown 
that  speA  in  S.  aureus  is  under  agr  control  (P.M.  Schlicvcrt,  personal 
communication).  Studies  have  been  done  to  clone  SPE  B  into  such  strains,  and 
none  of  the  resultant  clones  expressed  SPE  B.  It  is  possible  that  S.  aureus 
proteinascs  dc.stroy  any  SPE  B  made. 
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SPE  B  production  is  apparently  also  regulated  by  catabolitc  repression.  The 
separation  of  regulatory  effects  on  other  PTs  from  agr  and  glucose  has  been 
previously  established  (86).  SPE  B  production  was  drastically  decreased  with  the 
addition  of  glucose  to  the  media;  this  response  exemplifies  regulation  by 
catabolitc  repression.  Even  after  the  addition  of  1%  tryptone,  a  demonstrated  SPE 
B  enhancer,  the  levels  of  production  were  markedly  reduced  and  the  glucose 
concentration  dependency  evident  (Figures  8a  and  8b).  Although  this  alone 
strongly  suppons  the  postulate,  additional  experiments  using  glucose  analogs 
(such  as  glycerol,  maltose,  or  pyruvate)  would  solidify  the  correlation.  Another 
regulation  effect  upon  SPE  B  production  similar  to  that  of  glucose  was  observed  in 
aerated  samples.  This  effect  is  attributed  to  the  presence  of  oxygen  which  greatly 
reduced  the  levels  of  SPE  B  as  compared  to  standard  cultures.  The  addition  of 

tryptone  did  not  fully  compensate  for  the  loss  of  production. 

Throughout  this  study,  a  variety  of  conditions  were  imposed  upon  the 
bacterial  strains  and  numerous  SDS  gels  and  Western  immunoblot  assays  have 
been  run.  From  this  pool  of  data.  SPE  B  has  been  observed  in  three  different 
forms  which  migrate  uniquely.  W'hen  compared  to  standard  molecular  weight 
markers,  the  forms  migrated  at  approximately  43.000.  40,000.  and  30.000  mw. 
The  713  SPE  B  control,  and  HPLC  purified  SPE  B  clone  from  E.  coU,  also  migrated  at 
approximately  30.000  mw.  The  molecular  weight  of  713  SPE  B  has  been  estimated 
to  be  approximately  27.500  mw(45)  and  has  been  previously  shown  to  migrate 
near  30,000  mw(46).  This  smallest  size  band  was  thus  referred  to  as  the  27,500 

form.  The  43.000  form  corresponds  to  the  translated  protein  with  its  27  residue 

signal  peptide;  the  40.000  form  to  the  mature  expressed  protein;  and  the  27,500 
form  to  the  protcolytically  cleaved  protein  (43.44).  Some  cultures  only  expressed 
detectable  levels  of  the  40.000  form  (Figure  2b  and  15),  whereas  others  expressed 
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the  40,000  and  27,500  forms  (Figure  8b  and  15),  or  apparently  all  three  forms 
(Figure  15).  The  cloned  713  SPE  B  control  demonstrated  only  the  27,500  form. 

The  higher  molecular  weight  bands  observed  in  Figure  9  (lanes  4,  5,  9,  10, 
and  11)  could  be  the  43,000  and  40,000  forms  of  Slil  B.  However,  it  is  unlikely 
that  the  bacterium  would  accumulate  the  fully  translated  yet  untransported 
43,000  form.  Furthermore,  this  pattern  was  only  observed  in  this  particular 

experiment  when  identical  conditions  (as  in  lane  5  and  11)  were  used  in  over 
twenty  trials  with  the  same  strain.  Since  both  bands  arc  equally  strong  within 

each  lane,  it  is  most  likely  an  artifact  caused  during  the  running  of  the  gel. 
However,  the  possibility  of  the  appearance  of  the  43,000  form  cannot  be 
completely  ruled  out  since  crude  cell  lysates  were  tested. 

It  has  been  suggested  that  proteolytic  cleaving,  which  causes  the  27,500 
form,  occurs  during  toxin  purification  (43),  however,  in  this  study,  partial 
cleavage  has  been  occasionally  observed  in  the  single  ethanol  precipitated  crude 
samples.  The  comparison  of  stationary  phase  crude  samples  of  86-858  (Figure 

15)  revealed  that  the  proportional  distribution  of  40,000  and  27,500  forms 

varied  between  experiments.  Two  cultures  of  86-858  simultaneously  grown  in 

identical  media  under  the  same  conditions  produced  two  patterns:  one  with  both 

40,000  and  27,500  forms  (lane  2)  and  another  with  only  the  40,000  form  (lane  3). 
This  difference  suggests  that  environmental  conditions  alone  are  not  responsible 
for  the  cleavage.  Likewise,  proportional  distribution  of  the  inoculum  docs  not 
determine  the  distribution  of  the  toxin.  For  example,  a  stock  culture  which 
contained  proportionally  more  27,500  form  (Figure  23,  lane  4)  produced  a  culture 

with  more  40,000  than  27,500  form  (lane  5).  This  change  may  be  due  to  the 

concentration  or  the  difference  in  efficiency  of  proteinases  in  the  culture.  The 
addition  of  neopeptone  (17)  and  some  forms  of  bacto-tryptonc  (25)  have  been 
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shown  to  effect  proteolytic  activity  in  streptococci.  In  this  study,  the  addition  of 
Difeo-brand  bacto-tryptoue  apparently  did  not  negatively  effect  the  proteinase 
activity  needed  to  produce  the  27,500  form  (lanes  9  and  10)  nor  does  the 

addition  of  tryptone  solely  initiate  the  activity  required  to  produce  the  smaller 
form  (lane  7  and  8).  The  appearance  of  the  lower  molecular  weight  band 

corresponds  with  those  cultures  in  which  the  pH  dropped  to  below  6.5  during 
growth.  This  observation  is  supponed  by  previous  studies  (17)  which  reported 
streptococcal  proteinase  only  to  be  produced  or  activated  at  pH  <  6.5.  This  active 
streptococcal  proteinase  may  therefore  be  involved  in  the  appearance  of  the 
27,500  proteolytic  form  of  SPE  B.  Funhcrmorc,  previous  work  in  this  laboratory 
has  shown  that  multiple  molecular  weight  forms  of  SPE  B  appear  when  iodoacetic 
acid,  a  proteinase  inhibitor,  is  added  (43).  It  was  therefore  necessary  to 

investigate  the  proteolytic  activity. 

It  has  been  previously  shown  (109)  that  group  A  streptococci  produce 

many  extracellular  proteins,  some  of  which  possess  proteolytic  activity.  In  1945, 
Elliott  and  co-workers  (24,25.68)  characterized  an  extracellular  protein  which  was 
reported  to  be  the  source  of  proteinase  activity.  This  protein  was  found  to  be 
produced  as  an  inactive  zymogen  (approximately  36,700mw)  which,  in  sufficient 
reducing  conditions,  undergoes  proteolytic  cleavage  resulting  in  an  active 
proteinase  (approximately  32,000mw)  (45.  114).  Gerlach  et  al.  (33)  have 

suggested  that  the  zymogen,  designated  streptococcal  proteinase  precursor  (SPP) 
(107)  and  streptococcal  pyrogenic  exotoxin  B  (SPE  B)  are  the  same  protein. 
Comparison  of  the  published  inferred  amino  acid  sequences  of  SPE  B  and  SPP 
(26,107,114)  demonstrate  a  high  degree  of  homology  between  the  two  proteins 
differing  at  13  amino  acid  positions.  Furthermore,  the  similar  isoelectrical  and 
serological  characteristics  of  the  proteins  suggest  that  they  may  exist  as  variants  of 
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the  same  protein  (2,32,33,45).  In  1969,  Cohen  demonstrated  the  relationship  of 
"streptococcal  proteinase"  production  and  environmental  effects  (17).  Proteinase 
production  was  shown  to  be  inhibited  under  three  conditions:  0.5%  neopcptone, 
low  carbohydrate  level  at  neutral  pH,  and  by  preventing  the  pH  of  the  culture  from 
dropping  below  pH  6.7.  Elliott  and  Liu  (26,68,69)  have  reported  streptococcal 
proteinase  elaboration  to  begin  at  late  log  phase  and  to  be  inactivated  by 
iodoacetic  acid,  iodoacetamide,  metal  ions  (Cu'*"^  and  Ag'*'  for  instance)  and 
atmospheric  oxygen.  It  has  also  been  suggested  that  streptococcal  proteinase  is  a 
sulfhydryl  enzyme,  containing  half  of  a  cystine  residue  per  molecule  (68). 

During  screening  the  samples  for  proteinase  activity  using  well  diffusion 
on  skim  milk  agarose  slides,  as  described  in  Materials  and  Methods,  three 
distinguishable  proteolytic  activities  were  noted.  The  first  activity  was  a  panial 
clearance  of  the  skim  milk  protein  resulting  in  a  light  haze.  The  second  was  a 
complete  clearance  of  all  milk  protein  forming  a  clear  circle  on  the  slide.  Thirdly, 
a  complete  clearance  surrounded  by  a  brighter,  denser  ring  of  precipitated  milk 
proteins  occurred.  For  ease  of  discussion,  the  activities  will  be  referred  to  as  type 
1,  type  2,  and  type  3  respectively.  In  previous  studies,  type  1  and  type  2  activity 
have  been  considered  the  result  of  acidic  samples  in  similar  assays  (17). 
However,  the  pH  of  each  sample  tested  in  this  study  was  determined  and  was  in  a 
range  of  pH  6.9  to  8.0.  When  sterile  culture  media  containing  5%  glucose-buffer 
was  pH  adjusted  (range  8.5  to  6.0)  then  tested  for  proteinase  activity,  a  pH  below 
6.6  was  required  for  clearance.  Therefore,  the  proteinase  activity  observed  in  the 
tested  samples  (Figure  16)  was  apparently  from  proteinase  within  the  sample  and 
not  Just  caused  by  acidic  effects.  Moreover,  both  type  1  and  type  2  activity  have 
been  observed  to  decrease  or  increase  with  strain  growth  (Figure  16)  implying 
that  the  causative  substance  is  being  negatively  or  positively  regulated.  Duplicate 
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cultures  of  the  same  strain  have  been  observed  with  and  without  type  1  or  type  2 

activity  (Figure  16,  Slide  1  and  2).  Still,  the  possibility  that  type  1  and  type  2 

activity  may  be  varying  degrees  of  the  same  proteolytic  activity  cannot  be  ruled 
out.  Type  3  activity  (complete  clearance  with  an  opaque  ring)  has  been  previously 
reported  (52)  as  (he  indication  of  positive  proteinase  activity.  As  shown  in  Figure 
16,  observed  type  3  activity  generally  correlated  to  the  presence  of  higher 
concentrations  of  SPE  B;  4.8  ug/ml  SPE  B  in  the  24  hour  sample  of  86-858  (Slide 
1)  shows  type  3  activity  as  compared  to  0.12  ug/ml  SPE  B  in  the  24  hour  sample  of 
NY-5  (Slide  3)  which  shows  type  2.  From  these  results,  type  3  proteinase  activity 
was  apparently  a  marker  for  accumulated  SPE  B. 

The  report  (17,33)  that  streptococcal  proteinase  is  produced  only  at  pH  < 
6.5  was  then  tested  (Figure  17).  The  apparent  type  1  or  type  2  activity  was  well 
pronounced  in  the  basic  and  neutral  samples,  but  it  was  lost  as  the  culture  grew  in 
the  acidic  environment.  An  extremely  small,  faint  opaque  ring  around  the  24 
hour  acidic  sample  may  indicate  weak  type  3  activity.  Because  type  1  and  type  2 

proteinase  activity  were  clearly  evident  in  the  basic  and  neutral  cultures.  Cohen 

must  have  been  considering  type  3  as  being  a  positive.  Since  SPE  B  was  not 
detected  (down  to  0.06  ug/ml)  in  any  of  the  three  conditions,  the  correlation  of 
type  3  proteinase  activity  and  SPE  B  appeared  to  be  correct. 

This  correlation  of  type  3  activity  and  SPE  B,  however,  was  weakened  by 
other  observations.  For  example,  the  stationary  stock  samples  (Figure  17) 
produced  detectable  SPE  B  (at  least  0.6  ug/ml)  but  did  not  exhibit  a  type  3  profile. 
Furthermore,  when  comparing  the  type  of  proteinase  activity  in  the  isoelectric 
focusing  samples,  it  was  found  that  both  86-858  (SPE  B'*')  and  T18P  (SPE  B') 
possess  fractions  with  type  3  activity  (sec  Figure  19).  Thus,  SPE  B  may  not  be  the 
source  of  type  3  protcina.se  clearance. 
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Separation  of  SPE  B  from  proteinase  activity  was  then  attempted  through 
isolation  and  purification.  Strains  T18P  (SPE  B",  proteinase"^)  and  86-858  (SPE  B"*", 
proteinase"*")  were  selected.  In  order  to  directly  compare  previous  published 
findings,  the  ammonium  sulfate  precipitation  method  of  Elliott  and  coworkers 
(24,26.29)  and  the  ethanol  precipitation  method  of  Wannamaker  and  Schlievert 
(109)  were  both  incorporated  into  the  protocol.  The  strains  were  grown  using  the 
same  preparations  of  media  and  buffers  to  eliminate  possible  differences  due  to 
reagents.  The  first  level  of  separation  after  isolation  was  thin  layer  preparative 
isoelectric  focusing  with  a  pH  gradient  of  3.S  to  10.0.  The  plate  was  divided  into 
IS  fractions  (acidic  =  1,  basic  =  IS)  and  tested  for  SPE  B  and  proteinase  activity 
(Figure  18a  and  18b  -  86-858  and  T18P  respectively).  Three  peaks  of  proteinase 
activity  (centered  on  fractions  1,  10,  and  14)  could  be  seen  in  the  86-858 
samples.  Although  the  T18P  samples  exhibited  other  proteinase  peaks,  they 
possessed  only  two  of  the  three  peaks  (fractions  1  and  10)  observed  in  86-858. 

The  first  two  proteolytic  peaks  (fractions  1  and  10)  were  found  to  be 
different  from  SPE  B.  If  SPE  B  is  solely  responsible  for  all  proteinase  activity,  then 
all  proteinase  positive  fractions  would  contain  SPE  B  in  some  form.  However,  this 
is  unlikely  because  the  polyclonal  antisera  used  to  detect  SPE  B  should  have 
reacted  with  all  forms  of  SPE  B  and  the  peaks  (fractions  I  and  10)  did  not  react 
with  the  antisera.  Because  both  86-858  EtOH  fraction  10  and  T18P  A.  S.  fraction 
10  show  a  high  degree  of  proteinase  activity,  yet  exhibit  less  than  6  ug/ml  SPE  B, 
this  implies  that  SPE  B  cannot  be  solely  the  cause  of  this  proteolytic  clearing.  In 
order  to  define  the  relationship  between  SPE  B  concentration  and  proteinase 
activity,  both  fraction  10  samples  (EtOH  and  ammonium  sulfate)  from  86-858 
were  tested  concurrently  with  713  cloned  SPE  B  for  activity  (Figure  20).  713 
cloned  SPE  B  (500  ug/ml)  exhibited  slightly  less  type  3  activity  than  86-858  EtOH 
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fraction  10  (less  than  6  ug/ml  SPE  B),  thus  it  appears  that  the  concentration  of  SPE 
B  is  independent  of  the  degree  of  proteinase  activity  in  a  sample.  Taken  as  a 
whole,  the  observations  in  this  study  demonstrate  a  partial  divergence  of 
proteolytic  activity  and  the  presence  of  SPE  B  as  tested  by  Ouchterlony 
immunodiffusion.  The  presence  of  similar  types  of  proteinase  activity  in 
isoelectric  focusing  fractions  of  both  T18P  and  86-858  (Figure  19),  the  non¬ 
correlation  between  concentration  of  SPE  B  and  degree  of  proteinase  activity 
(Figure  20),  and  the  lack  of  polyclonal  antisera  activity  with  the  proteinase¬ 
positive  lEF  fraction  10  support  the  postulate  that  SPE  B  is  not  solely  responsible 
for  all  of  the  streptococcal  proteinase  activity. 

Conversely,  the  third  proteinase  peak  (fractions  14  and  15)  observed  in 
86-858  may  be  linked  to  SPE  B.  This  third  peak  was  evident  in  the  86-858  (SPE 
B"*")  samples  (both  EtOH  and  ammonium  sulfate),  but  it  was  not  seen  in  the  T18P 
(SPE  B')  samples  (Figures  18a  and  18b).  Since  713  cloned  SPE  B  (Figure  20)  has 
been  shown  to  possess  some  proteolytic  activity,  it  seems  reasonable  that  SPE  B  in 
fractions  14  and  15  may  contribute  to  the  proteinase  activity  observed  in  the 
samples.  Furthermore,  in  the  86-858  ammonium  sulfate  sample,  both  high  levels 
of  SPE  B  and  proteinase  activity  were  found  in  fractions  12  through  15.  It  was 
therefore  necessary  to  attempt  funher  separation  of  proteinase  from  SPE  B  by  an 
alternative  method. 

Fractions  with  strong  proteinase  activity  and  those  with  highest 
concentrations  of  SPE  B  were  subjected  to  HPLC  in  order  to  identify  potential 
differences  in  composition  as  compared  to  713  cloned  SPE  B.  The  results  of  the 
experiment  are  summarized  in  Table  2.  The  ammonium  sulfate  fraction  of  both 
strains  characteristically  contained  an  additional  peak  (eluting  between  41  to  43) 
which  did  not  correlate  to  SPE  B  or  proteolytic  activity.  A  direct  correlation  docs 
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apparently  exists  between  prior  detection  of  SPE  B  and  peaks  that  elute  between 
29  and  33.  However,  these  peaks  are  small,  suggesting  they  are  not  solely 
responsible  for  the  prior  reactivity  of  the  protein  with  SPE  B  antisera. 
Unfortunately,  the  proteinase  and  SPE  B  tests  on  the  collected  HPLC  peaks  were  all 
negative.  Even  after  lyophilization  and  concentration  of  the  samples  100  fold,  the 
tests  for  SPE  B  and  proteinase  were  still  negative.  The  loss  of  activity  may  be  a 
result  of  the  HPLC  process  itself.  Since  the  713  cloned  SPE  B  sample  had  been 
previously  run  through  HPLC,  the  possibility  of  complete  inactivation  does  not 
appear  likely. 

Overall,  my  studies  indicate  that  there  are  likely  three  forms  of  proteinase 
(types  1-3),  two  of  which  (lEF  fractions  1  and  10)  are  not  related  to  SPE  B  and  one 
of  which  (fraction  14-15)  appears  to  be  SPE  B.  In  addition,  several  other 
important  points  link  some  degree  of  proteinase  activity  to  SPE  B.  First,  HPLC 
purified  713  cloned  SPE  B  from  £.  colt  would  be  expected  to  only  contain  the 
protein  encoded  by  the  introduced  gene  (speE)  and  exhibits  proteinase  activity 
(Figure  20).  Although  unlikely,  E  coU  derived  proteinases  cannot  be  discounted. 
Second,  since  SPP  and  SPE  B  share  an  extremely  high  degree  of  sequence  homology 
(45)  and  only  a  single  copy  of  the  sped  gene  was  found  (43),  it  seems  reasonable  to 
postulate  that  both  proteins  may  be  from  this  gene.  Finally,  SPE  B  from  strain  86- 
858  appears  to  have  a  rearranged  proteinase  active  site  (45),  which  may  explain 
its  reduced  activity.  Taken  together,  these  facts  strongly  point  io  a  single  protein 
which  possesses,  singly  or  together,  SPE  B  reactivity  and  proteinase  activity. 

Subsequent  experiments  to  resolve  the  relationship  of  SPE  B  and  SPP 
should  be  directed  towards  inactivating  the  SPE  B  gene  in  streptococcal  strains  and 
evaluating  production  of  SPP  and  SPE  B  by  those  strains.  If  the  proteins  are  the 
same,  inactivation  of  speE  should  then  result  in  concurrent  loss  of  the  proteinase 


110 


activity  which  was  seen  in  lEF  fractions  12  through  15.  Conversely,  if  the  proteins 
are  different  (i.e.  from  separate  genes),  inactivation  of  speB  should  not  alter 
proteinase  activity. 


It  is  also  possible  that  some  fractions  of  SPE  B  exhibit  strong  Ab  reactivity 
yet  weak  proteolytic  and  that  others  arc  weak  Ab  and  strong  proteolytic  due  to 
cleavage  of  the  proteinase  precursor  to  active  proteinase.  This  may  explain  the 
data  obtained  in  Figures  18a  and  18b  where  SPE  B  and  proteinase  activities  are 
displayed  in  lEF  profiles.  It  is  possible  to  test  this  hypothesis  by  physically 
manipulating  the  size  of  the  protein  produced  from  713  cloned  SPE  B  through 
specific  deletion  mutations  of  the  speB  gene.  The  resulting  mutants  could  be 
cloned  in  E.  coli,  expressed,  and  subjected  to  preparative  isoelectric  focusing.  It  is 
practical  to  predict  that  various  distributions  of  the  forms  (pi  8.0,  pi  8.3,  and  pi 
9.0)  will  be  observed.  L/epending  on  ihe  clone,  each  form  can  then  be  screened 
for  proteinase  activity  and  SPE  B  reactivity  as  a  function  of  protein  concentration. 


1  1  1 


LITERATURE  CITED 


1.  Abe,  J..  J.  Forrester,  T.  Nakahara,  J.  A.  Lafferty,  B.  L.  Kotzin,  and  D.  Y.  M. 
Leung.  1991.  Selective  stimulation  of  human  T  cells  with  streptococcal 
erythrogenic  toxins  A  and  B.  J.  Immunol.  146:3747-3750. 

2.  Barsumian,  E.  L.,  C.  M.  Cunningham.  P.  M.  Schlievert,  and  D.  W.  Watson. 
1978.  Heterogeneity  of  group  A  streptococcal  pyrogenic  exotoxin  type  B. 
Infect.  Immun.  20:512-518. 

3.  Barsumian,  E.  L.,  P.  M.  Schlievert,  and  D.  W.  Watson.  1978.  Non-specific 
and  specific  immunological  mitogenicity  by  group  A  streptococcal 
pyrogenic  exotoxins.  Infect.  Immun.  22:681-688. 

4.  Bar  cr,  T.,  A.  Dascal,  K.  Carroll,  and  F.  C.  Curley.  1988.  "Toxic  strep 
syndrome":  manifestation  of  group  A  streptococcal  infection.  Arch. 

Intern.  Med.  148:1421-1424. 

5.  Baylcs,  K.  W.,  and  J.  J.  landolo.  1989.  Genetic  and  molecular  analyses  of 
the  gene  encoding  staphylococcal  enterotoxin  D.  J.  Bacteriol.  171:4799- 
4806. 

6.  Belley,  M.  J.,  V.  L.  Miller,  and  J.  J.  Mekalanos.  1986.  Genetics  of  bacterial 
exotoxins.  Ann.  Rev.  Microbiol.  40:577-605. 


112 


7.  Bcutlcr,  B.,  and  A.  Ceraini.  1989.  The  biology  of  cachcctinTTNF-A  primary 
mediator  of  the  host  response.  Ann.  Rev.  Immunol.  7:625-655. 

8.  Blake,  M.  S..  K.  H.  Johnston,  G.  J.  Russell-Jones,  and  E.  C.  Gotschlich. 

1984.  A  rapid,  sensitive  method  of  detection  of  alkaline  phosphatase 
conjugated  anti-antibody  on  Western  blots.  Anal.  Biochem.  136:175-179. 

9.  Blomster-Hautamaa,  D.  A..  B.  N.  Kreiswirth,  J.  S.  Komblum,  R.  P.  Novick, 
and  P.  M.  Schlieven.  1986.  The  nucleotide  and  partial  amino  acid 
sequence  of  toxic  shock  syndrome  toxin- 1.  J.  Biol.  Ckcm.  261:15783- 
15786. 

10.  Blomster-Hautamaa,  D.  A„  and  P.  M.  Schlievcrt.  1988.  Noncnterotoxic 
staphylococcal  toxins,  p.  297-330.  In  M.  C.  Hardegrcc  and  A.  T.  Tu  (cd.). 
Bacterial  Toxins.  Marcel  Dckkcr,  Inc.  New  York,  NY. 

11.  Bohach.  G.  A.,  D.  J,  Fast.  R.  D.  Nelson,  and  P.  M.  Schlievcrt.  1990. 
Staphylococcal  and  streptococcal  pyrogenic  toxins  involved  in  toxic  shock 
syndrome  and  related  illnesses,  p.  251-272.  In  Critical  reviews  in 
microbiology,  Vol.  17.  Issue  4,  CRC  Press,  Inc. 

12.  Bohach.  G.  A..  A.  R,  Hauser,  and  P.  M.  Schlievcrt.  1988.  Cloning  of  the 
gene.  speB,  for  streptococcal  pyrogenic  exotoxin  type  B  in  Escherichia  coli. 
Infect.  Immun.  56:1665-1667. 


113 


1  3 .  Bolivar,  F.,  R.  L.  Rodriquez,  P.  J.  Greene,  M.  C.  Betlach,  H.  L.  Heyneker,  H. 
W.  Boyer,  J.  H.  Crosa,  and  S.  Falkow.  1977.  Construction  and 
characterization  of  new  cloning  vehicles.  II.  A  multipurpose  cloning 
system.  Gene  2:95-113. 

14.  Brunson,  K.  W.,  and  D.  W.  Watson.  1974.  Pyrogenic  specificity  of 

streptococcal  exotoxins,  staphylococcal  enterotoxins,  and  gram-negative 
endotoxin.  Infect.  Immun.  10:347-351. 

15.  Cleary,  P.  P.,  E.  L.  Kaplan,  C.  Livdahl,  and  S.  Skjold.  1988.  DNA 
fingerprints  of  Streptococcus  pyogenes  are  M  type  specific.  J.  Infect.  Dis. 
158:1317-23. 

16.  Collins,  M.  L..  and  W.  R.  Hunsaker.  1985.  Improved  hybridization  assays 
employing  tailed  oligonucleotide  probes:  A  direct  comparison  with  5'-end- 
labelcd  oligonucleotide  probes  and  nick  translated  plasmid  probes.  Anal. 
Biochem.  151:211-224. 

17.  Cohen,  J.  O.  1969.  Effect  of  culture  medium  composition  and  pH  on  the 
production  of  M  protein  and  proteinase  by  group  A  streptococci.  J.  Bact. 
Vol  99.  No.  3  p.  737-744. 

18.  Colon-Whitt,  A..  R.  S.  Whitt,  and  R.  M.  Cole.  1979.  Production  of  an 
erythrogcnic  toxin  (streptococcal  pyrogenic  exotoxin)  by  nonlysogcnizcd 
group  A  streptococcus,  p.  64-65.  In  M.  T.  Parker  (ed.).  Pathogenic 
streptococci.  Reedbooks,  England. 


114 


19.  Cone,  L.  A.,  D.  R.  Woodard,  P.  M.  Schlievcn.  and  G.  S.  Tomory.  1987. 
Clinical  and  bactcrioiogic  observations  of  a  toxic  shock-Iikc  syndrome  due 
to  Streptococcus  pyogenes.  N.  Eng.  J.  Med.  317:146-49. 

20.  Cunningham,  C.  M..  E.  L.  Barsumian,  and  D.  W.  Watson.  1976.  Further 

purification  of  group  A  streptococcal  pyrogenic  exotoxin  and 
characterization  of  the  purified  toxin.  Infect.  Immun.  14:767-775. 

21.  Cunningham.  C.  M.,  and  D.  W.  Watson.  1978.  Alteration  of  the  clearance 

function  by  group  A  streptococcal  pyrogenic  exotoxin  and  its  relation  to 
suppression  of  the  antibody  response.  Infect.  Immun.  19:51-57. 

22.  Dale,  R.  M.  K.,  B,  A.  Mclurc,  and  J.  P.  Houchins.  1985.  A  rapid  single- 
stranded  cloning  strategy  for  producing  a  sequential  scries  of  overlapping 
clones  for  use  in  DNA  sequencing:  application  to  sequencing  the  com 
mitochondrial  18s  DNA.  Plasmid  13:31-40. 

23.  Dick,  G.  G.,  and  G.  H.  Dick.  1924.  A  skin  test  for  susceptibility  to  scarlet 
fever.  J.  Am.  Med.  Assoc.  82:265-266. 

24.  Elliott.  S.  D.  1945.  A  proteolytic  enzyme  produced  by  a  group  A 
streptococci  with  special  reference  to  its  effect  on  the  type-specific  M 
antigen.  J.  Exp.  Med.  81:573-592. 


115 


25.  Elliott,  S.  D.,  and  V.  P.  Dole.  1947.  An  inactive  precursor  of  streptococcal 
proteinase.  J.  Exp.  Med.  85:305-320. 

26.  Elliott,  S.  D.,  and  T.Y.  Liu.  1970.  Streptococcal  proteinase.  Methods 
Enzymol.  19:252-261. 

27.  Fast,  D  J.,  P.  M.  Schiievcrt,  and  R.  D.  Nelson.  1989.  Toxic  shock  syndrome- 
associated  staphylococcal  and  streptococcal  pyrogenic  toxins  are  potent 
inducers  of  tumor  necrosis  factor  production.  Infect.  Immun.  57:291- 
294. 

28.  Ferrctti.  J.  J.,  T.  Huang,  W.  L,  Hynes,  H.  Malke,  D.  Simon,  A.  Suvoruv,  and 
C.  E.  Yu.  1991.  Extracellular  product  genes  of  group  A  streptococci.  In 
Dunny,  G.  M.,  P.  P.  Cleary,  and  L.  L.  McKay  (cds.)  Genetics  and  molecular 
biology  of  streptococci,  lactococci.  and  enterococci.  American  Society  for 
Microbiology,  Washington  D.  C. 

29.  Frobisher,  M.,  Jr.,  and  J.  H.  Brown.  1927.  Transmissible  toxigenicity  of 
streptococci.  Bull.  Johns  Hopkins  Hosp.  41:167-173. 

30.  Gaworzewska.  E.,  and  G.  Colman.  1988.  Changes  in  the  pattern  of 
infection  caused  by  Streptococcus  pyogenes.  Epidem.  Inf.  100:257-69. 

31.  Gcrlach,  D..  H.  Knoll,  and  W.  Kohler.  1980.  Purification  and 
characterization  of  erythrogenic  toxins.  I.  Investigation  of  erythrogenic 


116 


toxin  A  produced  by  Streptococcus  pyogenes  strain  NY-5.  Zbl.  Bakt.  Hyg.  I. 
Abt.  Orig.  A  247:177-191. 

32.  Gerlach,  D..  H.  Knoll,  W.  Kohler,  J.  H.  Ozegowski,  and  V.  Hribalova.  1983. 
Isolation  and  characterization  of  erythrogenic  toxins.  V.  Communication: 
Identity  of  erythrogenic  toxin  type  B  and  streptococcal  proteinase 
precursor.  Zbl.  Bakt.  Hyg.,  I.  At.  Orig.  A.  255:221-233. 

33.  Gerlach,  D..  W.  Kohler,  and  H.  Knoll.  1982.  Comparison  of  erythrogenic 
toxins  produced  by  Streptococcus  pyogenes,  p.  137-138.  /n  S.  E.  Holm  and 
P.  Christensen  (cd.),  Basic  concepts  of  streptococci  and  streptococcal 
diseases.  Rcedbooks  Ltd.,  Windsor,  England. 

34.  Goshom,  S.  C.,  G.  A.  Bohach,  and  P.  M.  Schlievcrt.  1988.  Cloning  and 
characterization  of  gene.  speC,  for  pyrogenic  exotoxin  type  C  from 
Streptococcus  pyogenes.  Mol.  Gen.  Genet.  212:66-70. 

35.  Goshom.  S.  C.  and  P.  M.  Schlievcrt.  1988.  Nucleotide  sequence  of 
streptococcal  pyrogenic  exotoxin  type  C.  Infect.  Immun.  56:2518-2520. 

36.  Goshom,  S.  C.  and  P.  M  Schlievcn.  1989.  Bacteriophage  association  of 
streptococcal  pyrogenic  exotoxin  type  C.  J.  Bacteriol.  171:3068-3073. 

37.  Gray,  E.  D.  1979.  Purification  of  properties  of  an  extracellular  blastogcn 
produced  by  group  .A  streptococci.  J.  Exp.  Med.  149:1438-1449. 


117 


/ 


38.  Hackctt,  S.  P.,  and  D.  L.  Stevens.  1992.  Streptococcal  toxic  shock 
syndrome:  Synthesis  of  tumor  necrosis  factor  and  interleukin- 1  by 
monocytes  stimulated  with  pyrogenic  exotoxin  A  and  streptolysin  0.  J. 
Infect.  Dis.  165:879-885. 

39.  Hallas  G.  1985.  The  production  of  pyrogenic  exotoxins  by  group  A 
streptococci.  J.  Hyg.  95:47-57. 

40.  Hanna.  E.  E.,  and  O.  W.  Watson.  1965.  Host-parasite  relationships  among 

group  A  streptococci.  III.  Depression  of  reticuloendothelial  function  by 
streptococcal  pyrogenic  exotoxins.  J.  Bacteriol.  89:154-158. 

41.  Hanna,  E.  E.,  and  D.  W.  Watson.  1968.  Host-parasite  relationships  among 

group  A  streptococci.  IV.  Suppression  of  antibody  response  by 
streptococcal  pyrogenic  exotoxin.  J.  Bacteriol.  95:14-21. 

^2.  Hanna,  E.  E.,  and  D.  W.  Watson.  1973.  Enhanced  immune  response  after 

immunosuppression  by  streptococcal  pyrogenic  exotoxin.  Infect.  Immun. 
7:1009-101 1. 

43.  Hauser,  A.  R.  1990.  Molecular  studies  of  streptococcal  pyrogenic 
exotoxins.  Ph.D.  Thesis.  University  of  Minnesota  Graduate  School. 
Minneapolis,  MN,  USA. 

44.  Hauser,  A.  R..  S.  C.  Goshom,  E.  L.  Kaplan,  D.  L.  Stevens,  and  P.  M. 
Schlievert.  1991.  Molecular  analysis  of  the  streptococcal  pyrogenic 


118 


exotoxins.  In  Dunny,  G.  M.,  P.  P.  Cleary,  and  L.  L.  McKay  (eds.)  Genetics 
and  molecular  biology  of  streptococci,  laciococci.  and  enterococci. 

American  Society  for  Microbiology,  Washington.  D.  C. 

45.  Hauser,  A.  R.,  and  P.  M.  Schlievert.  1990.  Nucleotide  sequence  of  the 
streptococcal  pyrogenic  cxotoxin  type  B  and  relationship  between  the  toxin 
and  the  streptococcal  proteinase  precursor.  J.  Bacteriol.  172:4536-4542. 

46.  Hauser.  A.  R.,  D.  L.  Stevens,  E.  L.  Kaplan,  and  P.  M.  Schlievert.  1991. 
Molecular  analysis  of  pyrogenic  exotoxins  from  Streptococcus  pyogenes 
isolates  associated  with  toxic  shock-like  syndrome.  J.  Clin.  Microbiol. 
29:1562-1567. 

47.  Hewick,  R.  M..  M.  W.  Hunkapiller.  L.  E.  Hood,  and  W.  J.  Dreycr.  1981.  A 
gas-liguid  solid  phase  peptide  and  protein  sequenator. 

J.  Biol  Chem.  2oO:7990-7997. 

48.  Holmes.  D.  S.,  and  M,  Quigley.  1981.  A  rapid  boiling  method  for  the 
preparation  of  bacterial  plasmids.  Anal.  Biochem.  114:193-197. 

49.  Hooker,  S.  B..  and  E.  M.  Follensby.  1934.  Studies  on  scarlet  fever.  II. 
Different  toxins  produced  by  hemolytic  streptococci  of  scarlatinal  origin.  J. 


1  19 


Immunol.  27:177-193. 


50. 


1  ■ 


Hooker,  S.  B.,  E.  M.  Follensby,  M.  L.  Claxton,  and  E.  H.  Tayian.  1933.  Rapid 
production  of  highly  potent  scarlatinal  toxin.  Proc.  Soc.  Exp.  Biol.  Med. 
30:768-770. 

51.  Houston.  C.  W.,  and  J.  J.  Ferretti.  1981.  Enzyme-linked  immunosorbent 
assay  for  detection  of  type  A  streptococcal  exotoxin:  kinetics  and 
regulation  during  growth  of  Streptococcus  pyogenes.  Infect.  Immun. 
33:862-869. 

52.  Hribalova,  V.  1988.  Streptococcus  pyogenes  and  the  toxic  shock 
syndrome.  Ann.  Intern.  Med.  108:772. 

52.  Hynes,  W.  L..  and  J.  R.  Tagg.  1985.  A  simple  plate  assay  for  detection  of 
group  A  streptococcal  proteinase.  J.  Microbiol.  Meth.  4:25-31. 

54.  Johnson,  L,  P..  J.  J.  L'ltalien,  and  P.  M.  Schlievert.  1986.  Streptococcal 
pyrogenic  exotoxin  type  A  (scariet  fever  toxin)  is  related  to  Staphylococcus 
aureus  entcrotoxin  B.  Mol.  Ben.  Genet.  203:354-356, 

55.  Johnson,  L.  P.,  and  P.  M.  Schlievert.  1983.  A  physical  map  of  the  group  A 
streptococcal  pyrogenic  exotoxin  bacteriophage  T12gl  genome.  Mol.  Gen. 
Genet.  189:251-255. 

56.  Johnson,  L.  P..  and  P.  M.  Schlievert.  1984.  Group  A  streptococcal  phage 
T12  carries  the  structural  gene  for  pyrogenic  exotoxin  type  A.  Mol.  Gen. 
Genet.  194:52-56. 


120 


57.  Johnson,  L.  P.,  P.  M.  Schlievert,  and  D.  W.  Watson.  1980.  Transfer  of 
group  A  streptococcal  pyrogenic  exotoxin  production  to  nontoxigenic 
strains  by  lysogenic  conversion.  Infect.  Immun.  28:254-257. 

58.  Johnson.  L.  P.,  M.  A.  Tomai.  and  P.  M.  Schlievert.  1986.  Bacteriophage 
involvement  in  group  A  streptococcal  pyrogenic  exotoxin  A  production.  J. 
Bacteriol.  166:623-627. 

59.  Kaplan,  E.  L.,  D.  R.  Johnson,  and  P.  P.  Cleary.  1989.  Group  A  streptococcal 
serotypes  isolated  from  patients  and  sibling  contacts  during  the  resurgence 
of  rheumatic  fever  in  the  United  States  in  the  mid-1980s.  J.  Infect.  Dis. 
159:101-103. 

60.  Kim,  Y.  B.,  and  D.  W.  Watson.  1970.  A  purified  group  A  pyrogenic 
exotoxin.  Physiochcmical  and  biological  properties  including  the 
enhancement  of  susceptibility  to  endotoxin  shock.  J.  Exp.  Med.  131:611- 
628. 

61.  Komblum,  J,.  b.  N.  Krciswirth,  S.  J.  Projan,  H.  Ross,  and  R.  P.  Novick. 

1990.  Ag':  A  polycistronic  locus  regulating  exoprotein  synthesis  in 
Staphylococcus  aureus.  In  Novick,  R.  P.  (cd).  Molecular  biology  of 
staphylococci.  VCH  Publishers,  Inc.,  New  York,  NY. 

62.  Krciswirth,  B.  N..  J.  P,  Handley.  P.  M.  Schlievert.  and  R.  P.  Novick.  1987. 
Cloning  and  expression  of  streptococcal  pyrogenic  exotoxin  A  and 


121 


staphylococcal  toxic  shock  syndrome  toxin- 1  in  Bacillus  subtilis.  Mol.  Gen. 
Genet.  208:84-87. 


63.  Krieswinh,  B.  N.,  S,  Lofdahl,  M.  J.  Betley,  M.  O’Reilly,  P.  M.  Schlievert,  M.  S. 
BergdoII,  and  R.  P.  Novick.  1983.  The  toxic  shock  syndrome  exotoxin 
structural  gene  is  not  detectably  transmitted  by  a  prophage.  Nature 
305:709-712. 

64.  Laemmli,  U.  K.  1970.  Cleavage  of  structural  proteins  during  the  assembly 
of  the  head  of  bacteriophage  T4.  Nature  227:680-685. 

65.  Lancefield,  R.  C.  1940.  Type  specific  antigens  M  and  T  of  matt  and  glossy 
variants  of  group  A  hemolytic  strep.  J.  Exp.  Med.  71:521-550. 

66.  Lee,  P.  K.,  and  P.  M.  Schlievert.  1989.  Quantification  and  toxicity  of  group 
A  streptococcal  pyrogenic  exotoxins  in  an  animal  model  of  toxic  shock 
syndrome-like  illness.  J.  Clin.  Microbiol.  27:1890-1892. 

67.  Leonard,  B.  A.  8..  P.  K.  Lee,  M.  K.  Jenkins,  and  P.  M.  Schlievert.  1991.  Cell 
and  receptor  requirements  for  streptococcal  pyrogenic  exotoxin  T  cell 
mitogenicity.  Infect.  Immun.  59:1210-1214. 

68.  Liu,  T.  Y.,  and  S.  D.  Elliott.  1965.  Streptococcal  proteinase:  The  zymogen 
to  enzyme  transformation.  J.  Biol.  Chem.  240:1138-1142. 


122 


69.  Liu,  T.  Y.,  N.  P.  Neumann,  S.  D.  Elliott,  S.  Moore,  and  W.  H.  Stein.  1963. 
Chemical  properties  of  streptococcal  proteinase  and  its  zymogen.  J.  Biol. 
Chem.  238:251-256. 

70.  Liu,  T.  Y.,  W.  H.  Stein,  S.  Moore,  and  S.  D.  Elliott.  1965.  The  sequence  of 
amino  acid  residues  around  the  sulfhydryl  group  at  the  active  site  of 
streptococcal  proteinase.  J.  Biol.  Chcm.  240:1143-1149. 

71.  Mahmood,  R.,  and  S.  A.  Khan.  1990.  Role  of  upstream  sequences  in  the 
expression  of  the  staphylococcal  enterotoxin  B  gene.  J.  Biol.  Chem. 
265:4652-4656. 

72.  Marrack,  P..  and  J.  Kappler.  1990.  The  staphylococcal  enterotoxins  and 
their  relatives.  Science  248:705-711. 

73.  McKane.  L.  and  J.  J.  Ferrctti.  1981.  Phage-host  interactions  and  the 
production  of  type  A  streptococcal  exotoxin  in  group  A  streptococci.  Infect. 
Immun.  34:915-919. 

74.  Messing.  J,  1979.  A  multi-purpose  cloning  system  based  on  the  single- 
stranded  DNA  bacteriophage  M13.  Recombinant  DNA  technical  bulletin, 
NIH  publication  no.  79-99:43-38.  National  Institutes  of  Health,  Bethesda, 
MD. 

75.  Misfeldt.  M.  L.  1990.  Microbial  "superantigens."  Inject.  Immun. 
58:2409-2413. 


12? 


76.  Mueller,  J.  H.,  and  K.  S.  Klise.  1932.  Mass  cultures  of  streptococcus 
hemolyticus  in  broth.  Proc.  Soc.  Exp.  Biol.  Med.  29:454-455. 

77.  Mural,  T.,  Y.  Ogawa.  K.  Kawasaki,  and  S.  Kanoh.  1987.  Physiology  of  the 
potentiation  of  lethal  endotoxin  shock  by  streptococcal  pyrogenic  exotoxin 
in  rabbits.  Infect.  Immun.  55:2456-2460. 

78.  Musser,  J.  M.,  A.  R.  Hauser,  M.  H.  Kim,  P.  M.  Schlievert,  K.  Nelson,  and  R. 
K.  Sclar.der.  1991.  Streptococcus  pyogenes  causing  toxic  shock-like 
syndrome  and  other  invasive  diseases:  clonal  diversity  and  pyrogenic 
exotoxin  expression.  Proc.  Natl.  Acad.  Sci.  USA  88:2668-2672. 

79.  Nauciel,  C.,  J.  Blass,  R.  Mangalo,  and  M.  Raynaud.  1969.  Evidence  for  two 
molecular  forms  of  streptococcal  erythrogcnic  toxin.  Conversion  to  a  single 
form  by  2-mercaptoethanol.  Eur.  J.  Biochem.  11:160-164. 

80.  Nelson,  K.,  P.  M.  Schlievert,  R.  K.  Selander,  and  J.  M.  Musser.  1991. 
Characterization  and  clonal  distribution  of  four  alleles  of  the  speA  gene 
encoding  pyrogenic  exotoxin  A  (scarlet  fever  toxin)  in  Streptococcus 
pyogenes.  J.  Exp.  Med.  174:1271-1274. 

81.  Nida,  S.  K.  and  J.  J.  Fcrretti.  1982.  Phage  influence  on  the  synthesis  of 
extracellular  toxins  in  group  A  streptococci.  Infect.  Immun.  36:745-750. 


124 


82.  Nida,  S.  K.,  C.  W.  Hcuston,  and  J.  J.  Ferrctti.  1979.  Erylhrogenic  toxin 
production  by  group  A  streptococci,  p.  66.  In  M.  T.  Parker  (cd.), 
Eaihogcnic....  streptococci.  Reedbooks.  Chertsey,  Surrey,  England. 

83.  Ouchteriony,  O.  1962.  Diffusion-in-gei  methods  for  immunological 
analysis.  Prog.  Allergy.  6:30-54. 

84.  Ranelli.  D.  M.,  C.  L.  Jones,  M.  B.  Johns,  G.  J.  Musscy,  and  S.  A.  Khan. 

1985.  Molecular  cloning  of  staphylococcal  entcrotoxin  B  gene  in 
Escherichia  coli  and  Staphylococcus  aureus.  Proc.  Natl.  Acad.  Sci.  USA 
82:5850-5854. 

85.  Recesei,  P.,  B.  Kreiswinh,  M.  O'Reilly,  P.  Schlicvcrt.  A.  Gruss,  and  R.  P. 
Novick.  1986.  Regulation  of  exoprotein  gene  expression  in  Staphylococcus 
aureus  by  agr.  Mol.  Gen.  Genet.  202:58-61. 

86.  Regassa,  L.  B.,  J.  L.  Couch,  and  M.  J.  Betlcy.  1991.  Steady-state 
staphylococcal  entcrotoxin  type  C  mRNA  is  affected  by  a  product  of  the 
accessory  gene  regulator  (agr)  and  by  glucose.  Infect.  Immun.  59:955-962. 

87.  Regelmann,  W.  E.,  E.  D.  Gray,  and  L.  W.  Wannamakcr.  1982. 
Characterization  of  the  human  cellular  immune  response  to  purified  group 
A  streptococcal  blastogcn  A.  J.  Immun.  128:1631-1636. 


125 


88.  Rosenber,  M.,  and  D.  Court.  1979.  Regulatory  sequences  involved  in  the 
promotion  and  termination  of  RNA  transcription.  Annu.  Rev.  Genet. 
13:319-353. 

89.  Sanger,  F.,  S.  Nicklens,  and  A.  R.  Coulson.  1977.  DNA  sequencing  with 
chain  terminating  inhibitors.  Proc.  Natl.  Acad.  Sci.  74:5463-5467. 

90.  Schlievert,  P.  M.  1982.  Enhancement  of  host  susceptibility  to  lethal 
endotoxin  shock  by  staphylococcal  pyrogenic  exotoxin  type  C.  Infect. 
Immun.  36:123-128. 

91.  Schlievert,  P.  M.,  K,  M.  Bettin,  and  D.  W.  Watson.  1977.  Purification  and 
characterization  of  group  A  streptococcal  pyrogenic  exotoxin  type  C. 

Infect.  Immun.  16:673-679. 

92.  Schlievert,  P.  M.,  K.  M.  Bettin,  and  D.  W.  Watson.  1978.  Effects  of 
antipyretics  on  group  A  streptococcal  pyrogenic  exotoxin  fever  production 
and  ability  to  enhance  lethal  endotoxin  shock.  Proc.  Soc.  Exp.  Biol.  Med. 
157:472-275. 

93.  Schlievert,  P.  M.,  K.  M.  Bettin,  and  D.  W.  Watson.  1979a.  Production  of 
pyrogenic  exotoxin  by  groups  of  streptococci;  association  with  group  A.  J. 
Infect.  Dis.  140:676-81. 


126 


/ 

/ 


94.  Schlicvcrt,  P.  M.,  K.  M.  Benin,  and  D.  W.  Watson.  1979b. 

Reinterpretation  of  the  Dick  test:  Role  of  group  A  streptococcal  pyrogenic 
exotoxin.  Infect.  Immun.  26:467-472. 

95.  Schlieven,  P.  M.,  K.  M.  Benin,  and  D.  W.  Watson.  1980.  Inhibition  of 

ribonucleic  acid  synthesis  by  group  A  streptococcal  pyrogenic  exotoxin. 
Infect.  Immun.  27:542-548. 

96.  Schiievert,  P.  M..  and  E.  D.  Gray.  1989.  Group  A  streptococcal  pyrogenic 

exotoxin  (scarlet  fever  toxin)  type  A  and  blastogen  A  are  the  same  protein. 
Infect.  Immun.  57:1865-1867. 

97.  Schlicvcrt,  P.  M.,  D.  J.  Schoettle,  and  D.  W.  Watson.  1979.  Nonspecific  T- 
lymphocytc  mitogencisis  by  pyrogenic  exotoxins  from  group  A  streptococci 
and  Staphylococcus  aureus.  Infect.  Immun.  25:1075-1077. 

98.  Schlicvcrt,  P.  M.,  and  D.  W.  Watson.  1978.  Group  A  streptococcal 
pyrogenic  exotoxin:  Pyrogcnicity,  alteration  of  blood-brain  barrier,  and 
separation  of  sites  for  pyrogcnicity  and  enhancement  of  lethal  endotoxin 
shock.  Infect.  Immun.  21:753-763. 

99.  Schwab.  J.  H.,  D.  W.  Watson,  and  W.  J.  Cromartic.  1955.  Further  studies 
of  group  A  streptococcal  factors  with  lethal  and  cardiotoxic  properties.  J. 
Infect.  Dis.  96:14-18. 


127 


100.  Smith,  H.  0.  1980.  Recovery  of  DNA  from  gels.  Methods  Enzymol. 
65:371-380. 


101.  Soberon,  X.,  L.  Covarrubias,  and  F.  Bolivar.  1980.  Construction  and 
characterization  of  new  cloning  vehicles.  IV.  Deletion  derivatives  of 
pBR322  and  pBR325.  Gene  9:287-305. 

102.  Southern,  E.  M.  1975.  Detection  of  specific  sequences  among  DNA 
fragments  separated  by  gel  electrophoresis.  J.  Mol.  Biol.  98:503-517. 

103.  Stevens,  D.  L.,  M.  H.  Tanner,  J.  Winship,  R.  Swarts,  K.  M.  Ries,  P.  M. 
Schlievert,  and  E.  Kaplan.  1989.  Severe  group  A  streptococcal  infections 
associated  with  a  toxic  shock-like  syndrome  and  scarlet  fever  toxin  A.  N. 
Engl.  J.  Med.  321:1-7. 

104.  Stock,  A.  H.,  and  R,  J.  Lynn.  1961.  Preparation  and  properties  of  partially 
purified  crythrogenic  toxin  B  of  group  A  streptococci.  J.  Immunol. 
86:561-566. 

105.  Stollerman,  G.  H.  1988.  Changing  group  A  streptococci:  the  reappearance 
of  streptococcal  "toxic  shock."  Arch.  Intern.  Med.  148:1268-70. 

106.  Sugiyama,  H.  E.,  E.  M.  McKissic,  Jr.,  M.  S.  Bcrgdoll,  and  B.  Heller.  1964. 
Enhancement  of  bacterial  endotoxin  lethality  by  staphylococcal  enterotoxin. 
J.  Infect.  Dis.  114:11-118. 


128 


107.  Tai,  J.  Y.,  A.  A.  Kom,  T.  Y.  Liu.  and  S.  D.  Elliott.  1976.  Primary  structure 
of  streptococcal  proteinase.  III.  Isolation  of  cyanogen  bromide  peptides: 
complete  covalent  structure  of  the  polypeptide  chain.  J.  Biol.  Qicm. 
251:1955-1959. 

108.  Twining,  S.  S.  1984.  Fluorescein  Isothiocyanate-Iabeled  casein  assay  for 
proteolytic  enzymes.  Anal.  Biochem.  143:30-34. 

109.  Wannamaker,  L.  W..  and  P.  M.  Schlievert.  1988.  Exotoxins  of  group  A 
streptococci,  p.  267-296.  In  M.  C.  Hardegrcc  and  A.  T.  Tu  (cd.),  Bacterial 
toxins.  Marcel  Dekker,  Inc.,  New  York. 

110.  Watson,  D,  W.  I960.  Host-parasite  factors  in  group  A  streptococcal 
infections.  Pyrogenic  and  other  effects  of  immunologic  distinct  exotoxins 
related  to  scarlet  fever  toxins.  J.  Exp.  Med.  111:255-284. 

111.  Watson,  D,  W.  1979.  Characterization  and  pathobiological  propenies  of 
group  A  streptococcal  pyrogenic  exotoxins,  p.  62-63.  In  M.  T.  Parker  (ed.), 
Pathogenic  streptococci.  Reedbooks  Ltd.,  Windsor,  England. 

112.  Weeks,  C.  R.  and  J.  J.  Ferretti.  1984.  The  gene  for  type  A  streptococcal 
exotoxin  (crythrogenic  toxin)  is  located  in  bacteriophage  T12.  Infect. 
Immun.  46:531-536. 


129 


113.  Weeks,  C.  R.  and  J.  J.  Ferretti.  1986.  Nucleotide  sequence  of  the  type  A 
streptococcal  exotoxin  (erythrogenic  toxin)  gene  from  Streptococcus 
pyogenes  bacteriophage  T12.  Infect.  Immun.  52:144-150. 

114.  Yonaha,  K.,  S.  D.  Elliott,  and  T.  Y.  Liu.  1982.  Primary  structure  of  zymogen 
of  streptococcal  proteinase.  J.  Protein  Chem.  1:317-334. 

115.  Yu,  C.  E.,  and  J.  J.  Ferretti.  1989.  Molecular  epidemiologic  analysis  of  the 
type  A  streptococcal  exotoxio  (erythrogenic  toxin)  gene  (speA)  in  clinical 
Streptococcus  pyogenes  strains.  Infect.  Immun.  57:3715-3719. 

116.  Yu,  C.  E.  and  J.  J.  Ferretti.  1991.  Frequency  of  the  erythrogenic  toxin  B 
and  C  genes  (speB  and  speC)  among  clinical  isolates  of  group  A 
streptococci.  Infect.  Immun.  59:211-215. 

117.  Zabriskie,  J.  B.  1964.  The  role  of  temperate  bacteriophage  in  the 
production  of  erythrogenic  toxin  by  group  A  streptococci.  J.  Exp.  Med. 
119:761-780. 


130 


